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Abstract 
Cell migration through narrow interstitial space in tissues is commonly seen in both physiological and 
pathological conditions. The bulky stiff nucleus in the cell becomes a barrier during constricted migration 
making such process pore-size dependent with smaller pores exponentially alleviate the passage 
capability. However, in some cases, cells actively deform their nuclei to squeeze through constrictions, 
during which nuclear envelope can rupture. As key intracellular processes such as DNA replication and 
transcription take place in the nucleus, the consequences of nuclear envelope rupture become intriguing. 
In the past five years, we have observed increased DNA damage, cell cycle delay and permanent genomic 
variation after repetitive nuclear envelope rupture as they migrate through 3µm pores, but a detailed 
mechanism that can connect all pieces of evidence was missing. Therefore, we have dissected the 
problem into three parts here (1. causality of nuclear envelope rupture, 2. how nuclear envelope rupture 
causes DNA damage, and 3. propagation of DNA damage to genomic variation) to reveal the mechanism 
step by step. 
We showed that, from 2D reductionist approach, nuclear envelope rupture correlates with high nuclear 
envelope curvature imposed by an external AFM probe or by cell attachment to either aligned collagen 
fibers or stiff matrix, consistent with the shape of the nucleus when it is entering a stiff narrow pore. Mis-
localization of multiple DNA repair factors are seen quickly after nuclear envelope rupture, and it is greatly 
enhanced by lamin-A depletion which reduces nuclear mechano-protection. The mis-localized DNA repair 
factors require hours for nuclear re-entry, and correlates with an increase in pan-nucleoplasmic foci of the 
DNA damage marker, γH2AX. Excess DNA damage is rescued in ruptured nuclei by co-overexpression of 
multiple DNA repair factors as well as by soft matrix or inhibition of actomyosin tension that also rescues 
rupture. Increased contractility has the opposite effect, and stiff tumors with low lamin-A indeed exhibit 
increased nuclear curvature, more frequent nuclear rupture, and excess DNA damage. Therefore, high 
nuclear envelope bending dramatically facilitate nuclear envelope rupture similar to the situation when a 
nucleus is entering a constricting space. Mis-localization of DNA repair factors after rupture breaks the 
equilibrium of DNA damage and repair, resulting in a temporary elevation of DNA damage. 
Benefit from 2D reductionist study, we would like to further rescue cell cycle delay after constricted 
migration. Myosin-II inhibition rescues nuclear envelope rupture and partially rescues the DNA damage 
consistent with our 2D observation, but an apparent delay in cell cycle is surprisingly unaffected. Co-
overexpression of multiple DNA repair factors and antioxidant inhibition of break formation also have only 
partial effects, independent of rupture. Complete rescue of both DNA damage and cell cycle delay 
requires myosin inhibition plus antioxidant, and such result reveals a bimodal dependence of cell cycle on 
DNA damage. Migration through custom-etched pores yields the same damage threshold, with ~4µm 
being critical. Nuclear envelope rupture consistently associates with high curvature, whether imposed by 
pores, probes or small micronuclei, with lamin-B dilution, entry of chromatin-binding cGAS (cyclic-GMP-
AMP-synthase) from cytoplasm, and loss of DNA repair factors. The cell cycle block caused by 
constricted migration is nonetheless reversible, with a potential for mis-repair of DNA damage leading to 
genomic variations. 
Finally, to investigate the propagation of DNA damage to genomic variation, we have developed a method 
to track chromosomal copy number changes in live cells. Our fluorescence-based reporter system 
functions properly in terms of both genomic characterizations and under known biological perturbations. 
Applying such system to constricted migration is one of our future plans and we certainly believe that the 
system can help us to further advance our knowledge on genomic variation after constricted migration. 
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ABSTRACT 
NUCLEAR ENVELOPE RUPTURE AND GENOMIC INSTABILITY IN CANCER 
Yuntao Xia 
Dennis E. Discher 
Cell migration through narrow interstitial space in tissues is commonly seen in both 
physiological and pathological conditions. The bulky stiff nucleus in the cell becomes a barrier 
during constricted migration making such process pore-size dependent with smaller pores 
exponentially alleviate the passage capability. However, in some cases, cells actively deform their 
nuclei to squeeze through constrictions, during which nuclear envelope can rupture. As key 
intracellular processes such as DNA replication and transcription take place in the nucleus, the 
consequences of nuclear envelope rupture become intriguing.  
In the past five years, we have observed increased DNA damage, cell cycle delay and 
permanent genomic variation after repetitive nuclear envelope rupture as they migrate through 3µm 
pores, but a detailed mechanism that can connect all pieces of evidence was missing. Therefore, 
we have dissected the problem into three parts here (1. causality of nuclear envelope rupture, 2. 
how nuclear envelope rupture causes DNA damage, and 3. propagation of DNA damage to 
genomic variation) to reveal the mechanism step by step.  
We showed that, from 2D reductionist approach, nuclear envelope rupture correlates with 
high nuclear envelope curvature imposed by an external AFM probe or by cell attachment to either 
aligned collagen fibers or stiff matrix, consistent with the shape of the nucleus when it is entering a 
stiff narrow pore. Mis-localization of multiple DNA repair factors are seen quickly after nuclear 
envelope rupture, and it is greatly enhanced by lamin-A depletion which reduces nuclear mechano-
protection. The mis-localized DNA repair factors require hours for nuclear re-entry, and correlates 
with an increase in pan-nucleoplasmic foci of the DNA damage marker, γH2AX. Excess DNA 
damage is rescued in ruptured nuclei by co-overexpression of multiple DNA repair factors as well 
as by soft matrix or inhibition of actomyosin tension that also rescues rupture. Increased contractility 
has the opposite effect, and stiff tumors with low lamin-A indeed exhibit increased nuclear 
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curvature, more frequent nuclear rupture, and excess DNA damage. Therefore, high nuclear 
envelope bending dramatically facilitate nuclear envelope rupture similar to the situation when a 
nucleus is entering a constricting space. Mis-localization of DNA repair factors after rupture breaks 
the equilibrium of DNA damage and repair, resulting in a temporary elevation of DNA damage.   
Benefit from 2D reductionist study, we would like to further rescue cell cycle delay after 
constricted migration. Myosin-II inhibition rescues nuclear envelope rupture and partially rescues 
the DNA damage consistent with our 2D observation, but an apparent delay in cell cycle is 
surprisingly unaffected. Co-overexpression of multiple DNA repair factors and antioxidant inhibition 
of break formation also have only partial effects, independent of rupture. Complete rescue of both 
DNA damage and cell cycle delay requires myosin inhibition plus antioxidant, and such result 
reveals a bimodal dependence of cell cycle on DNA damage. Migration through custom-etched 
pores yields the same damage threshold, with ~4µm being critical. Nuclear envelope rupture 
consistently associates with high curvature, whether imposed by pores, probes or small micronuclei, 
with lamin-B dilution, entry of chromatin-binding cGAS (cyclic-GMP-AMP-synthase) from cytoplasm, 
and loss of DNA repair factors. The cell cycle block caused by constricted migration is nonetheless 
reversible, with a potential for mis-repair of DNA damage leading to genomic variations.  
Finally, to investigate the propagation of DNA damage to genomic variation, we have 
developed a method to track chromosomal copy number changes in live cells. Our fluorescence-
based reporter system functions properly in terms of both genomic characterizations and under 
known biological perturbations. Applying such system to constricted migration is one of our future 
plans and we certainly believe that the system can help us to further advance our knowledge on 
genomic variation after constricted migration.  
In this dissertation, only first author publications are included in the chapters. Chapters 1, 
2, and Appendix D are published respectively in: Acta Mechanica Sinica (2019), Journal of Cell 
Biology (2018), and Methods (2019). Chapter 3 has been recently accepted by Journal of Cell 
Biology (2019). Chapter 4 is a preprint on bioRxiv (2018), and Chapter 5 has some comments on 
ongoing/future work relevant to completing and submitting Chapter 4 to a peer-reviewed journal. 
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Additional 10+ co-authored publications ranging from tumor immunotherapy to cell differentiation 
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Acronym  Full term/name 
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CHAPTER 1  
 
Nuclear mechanics during and after constricted 
migration  
 
This chapter appears in Acta Mechanica Sinica 22nd Feb. (2019),  
 
The math model was first established by Dr. Rachel R. Bennett and Charlotte R. Pfeifer 
contributed to describing the math model here. 
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Abstract 
 
Cell migration through narrow interstitial space in tissues is commonly seen in both 
physiological and pathological conditions. For example, immune cells have to squeeze through 
vasculature and extracellular matrix to reach the wound or diseased sites, and similarly cancer cells 
need to crawl through porous space in tissues to invade surrounding tumor-free regions. Therefore, 
the bulky stiff nucleus in the cell becomes a barrier during constricted migration making such 
process pore-size dependent with smaller pores exponentially alleviate the passage capability. 
However, in some cases, cells can actively deform their nuclei to squeeze through constrictions 
although some price needs to be paid. Here in the first chapter, we mainly focus on background 
required to understand constricted migration as well as observations and proposed theories related 
to such process. These include (1) nuclear structures and morphological regulations, (2) proposed 
mechanisms that drive constricted migration, (3) short-term observations such as nuclear envelope 
(NE) rupture and DNA damage, and (4) long term consequences such as genomic variation caused 
by repetitive NE rupture. Both experimental results and modeling are provided with the intention to 
better describe the constricted migration.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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1.1 Introduction 
Multiple processes in vivo require cells to move through three-dimensional (3D) tissues. 
Mesenchymal stem cells (MSCs) are known to migrate through matrix to the wound sites in 
response to inflammatory signaling (Rustad and Gurtner, 2012). Leukocytes squeeze through 
capillaries that are 2-3 µm in diameter to sites of tissue damage or infection as part of the innate 
immune responses (Luster et al., 2005). Cancer cells invade healthy tissue or enter capillary beds 
during tumor metastasis (Clark and Vignjevic, 2015). During such 3D migration, the bulky stiff 
nucleus has long been speculated to limit the cell passage through small and stiff pores. Indeed, 
3D migration is observed to be pore size dependent and softens the nucleus by lamin-A depletion 
dramatically promotes such 3D migration in vitro (Denais et al., 2016; Harada et al., 2014; Raab et 
al., 2016). Tumor microenvironment is generally stiffer than surrounding healthy tissues, but partial 
loss of lamin-A is observed in many types of cancers including breast cancer, lung cancer and 
colon cancer (Irianto et al., 2016c). As lamin-A should in principle scales with tissue stiffness (Swift 
et al., 2013), this lamin-A abnormality seems bizarre and the corresponding consequences in vivo 
is obscure.  
The metastatic tumors generally bear higher genomic abnormality than primary tumors 
(Yates et al., 2017), so that the “tumor marker”-based therapy can be compromised. Additionally, 
genomic heterogeneity within one tumor occurs with higher somatic variations in stiffer tissues 
(Pfeifer et al., 2017). Such trend indicates tissue mechanics may also play a role in causing 
genomic aberrations besides random mutations caused by merely proliferation (Tomasetti and 
Vogelstein, 2015). The genomic heterogeneity has been long associated with DNA damage and 
repair. Although extensive research has been done to discover the sources of DNA damage in 
tissues, DNA repair machinery is also crucial as DNA repair factors missing from the nucleus results 
in prolonged DNA repair as well as the poorest prognosis in invasive breast cancer (Alshareeda et 
al., 2016).  
Recent studies revealed constricted migration causes NE rupture. At the same time, 
elevation of DNA damage is observed, which can then propagate to permanent genomic variations 
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after repetitive NE rupture (Denais et al., 2016; Irianto et al., 2015; Raab et al., 2016). Lamin-A 
knockdown in this case accelerates the constricted migration, but NE rupture and DNA damage 
are still seen. Possibly, stiff tissues with high collagen density and crosslinking have less porous 
structure so that cancer cell invasion through small pores in these tissues can experience NE 
rupture and genomic variation (Xia et al.).  
 
1.2 Structure of the nucleus 
Nucleus, the largest organelle in a cell, is highly regulated in terms of size and shape (Burke 
and Roux, 2009; Edens et al., 2013). Although normal cells in human usually contain the same 23 
pairs of chromosomes that are densely packed in the nucleus, the diameter of a nucleus indeed 
varies from 5 to 20 µm depending on cell types (Liotta et al., 1991). Additionally, among cells grown 
in tissues, in 3D matrices or on soft hydrogels, the nucleus tends to be round or ellipse, whereas 
2D culture on rigid plastic drives cell spreading and nuclear flattening (Li et al., 2015; Webster et 
al., 2009). Therefore, besides the bulky content in the nucleus such as DNA, active regulation 
machinery must exist in cells to drive nuclear morphology.  
Nucleus has been reported to be mechanosensitive by a growing number of publications 
in recent years (Alam et al., 2014; Chin et al., 2016; Cho et al., 2017; Cho et al., 2019a; Deviri et 
al., 2019; Guilluy and Burridge, 2015; Xia et al., 2018c). Cells within tissues constantly probe the 
mechanical properties of their surroundings by adhesion and active pulling, sensing the resistance 
accordingly to induced deformations. The sensed mechanical force is then transmitted through 
cytoskeleton to the surface of the nucleus through the linker of nucleoskeleton and cytoskeleton 
complex known as LINC complex (Lee and Burke, 2018). The necessity of this force transmission 
chain has been demonstrated in numerous experiments in terms of nuclear mechanosensing: for 
example, targeted laser ablation of the actin cytoskeleton surrounds the nucleus frees the nuclear 
deformation and causes the nucleus to shrink (Mazumder and Shivashankar, 2010; Nagayama et 
al., 2011). In many studies, the KASH domain that binds SUN protein in LINC complex on the outer 
nuclear membrane and various actin filaments binding sites have been utilized to develop FRET-
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based force sensors to measure the magnitude of mechanical stress that stress fibers can exert 
on the nucleus at difference conditions (Arsenovic et al., 2016; Graumann et al., 2014; Tapley and 
Starr, 2013). Besides mechanical stresses that need to be transmitted to the nucleus, actin fibers 
are reported to directly exert mechanical strain on the nucleus through actin cap. Dissemble of such 
actin cap via myosin-II inhibitor releases shape of the nucleus from flat ellipsoid to tall spheroid 
(Kim et al., 2017). In Drosophila cells, removal of perinuclear actin via Msp300 RNAi surprisingly 
leads to basolateral enrichment of microtubules followed by enhanced nuclear dynamics 
suggesting microtubule may have roles in regulating nuclear morphology as well (Ramdas and 
Shivashankar, 2015; Uhler and Shivashankar, 2017).   
To protect the integrity of the nucleus against external forces, the nucleus has a protection 
layer called nuclear lamina which is an organized meshwork assembled from intermediate filaments 
(A- or B-type lamin) (Belaadi et al., 2016; Turgay et al., 2017). A-type lamins including lamin A and 
C are alternative splicing products of LMNA gene, whereas B-type lamins such as lamin B1 and 
lamin B2 are coded by LMNB1 and LMNB2, respectively (Dechat et al., 2010). Although A- and B-
type lamins have similar amino acid sequences and structural features, B-type lamins are 
permanently modified by a membrane-inserting farnesyl group that is cleaved from mature lamin A 
(Goldman et al., 2002; Jung et al., 2013). As a result, lamin-B is less mobile and dynamic than 
mature lamin-A, which is confirmed in parallel by FRAP experiment (Gilchrist et al., 2004; Moir et 
al., 2000). Lamin-A levels has been shown to scale with resident tissue stiffness, but lamin-B 
expression remains relatively constant (Swift et al., 2013). On stiff substrate, nuclear stress is high 
so that lamin-A is upregulated to form a thicker layer against forces. However, on soft substrate 
where strong protection is not required, lamin-A is quickly degraded through phosphorylation 
consistent with a “use it or loss it” model (Buxboim et al., 2014; Dingal and Discher, 2014). Four 
different phosphorylation sites on lamin A are revealed by mass spectrometry to involve in such 
process including a head domain (Ser22) and three tail domains (Ser390, Ser404 and Thr424) 
(Swift et al., 2013). In pathological cases such as laminopathies (e.g. muscle dystrophy and 
progeria), lamin-A mutation weakens the lamina mechanically so that cells from those patients 
6 
 
experience severe distorted nuclear shape and senescence especially for cells in stiff tissues (Cho 
et al., 2018; Muchir et al., 2004; Vigouroux et al., 2001). 
Myosin-IIs including IIA and IIB are motor proteins best known for their roles in cell 
contraction and in a wide range of other motility processes in eukaryotes (Vicente-Manzanares et 
al., 2009). During nuclear morphological regulation, myosin-II contractility stabilizes the perinuclear 
actin cap which then regulates nuclear shape (Khatau et al., 2009). Inhibition of myosin-II 
dissembles actin cap and frees the elongated shape of nucleus, consistent with the observation 
seen after micro-dissecting perinuclear stress fibers (Mazumder and Shivashankar, 2010). 
Moreover, when lamin-A is depleted, nuclei tends to be softer and more susceptible to mechanical 
stress induced deformation (Lammerding et al., 2006; Pajerowski et al., 2007). At the same time, 
lamin-A/C depletion also dissembles actin cap in some cells like MEFs. Such loss of the 
cytoskeletal protection drives nucleus to be even more susceptible to deformation under external 
forces (Kim et al., 2017). 
Although the nucleus benefits from its lamina in terms of mechanical stress protection, the 
stiff nucleus with high lamin-A indeed becomes a barrier when a cell is migrating through porous 
structures in tissues (Harada et al., 2014). As solid stiff tissues with high collagen depositions and 
crosslinking should in principle have smaller porosity (Pfeifer et al., 2017), a cell must actively 
deform its nucleus in order to squeeze the nucleus through the constriction. Therefore, besides our 
knowledge of cell migration on 2D surfaces, additional factors such as active nuclear deformation 
need to be considered to better understand the 3D constricted migration. 
 
1.3 Proposed mechanisms for cell migration through 
constrictions (<3µm in diameter) 
Cell migration in 2D culture has been studied extensively over the past decades as a 
reductionist approach to understand the migration-mediated biological processes (Vicente-
Manzanares et al., 2005). For most adhesive cells such as mesenchymal stem cells or fibroblasts, 
several key steps are required for a cell to migrate: (1) the cell needs to polarize first to extend 
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protrusions via rapid actin polymerization at the leading edge; (2) the lamellipodium of the cell then 
anchors the extracellular matrix through adhesion sites; (3) after that, contraction of actin and 
myosin bundles translocate the cell body forward; (4) finally, the trailing edge releases cell adhesion 
and detaches, allowing the cell to advance (Ridley et al., 2003). Therefore, cell polarization, actin 
polymerization and myosin contractility are connected in series so that perturbations to any linkage 
along the chain should in principle impair cell migration. Indeed, poisoning microtubules with 
nocodazole significantly reduces cell polarity and hinders directional migration in 2D culture 
(Etienne-Manneville, 2013; Ganguly et al., 2012). Similarly, blocking actin polymerization reduces 
the formation of protrusions, causing reduced efficiency of cell migration (Mogilner and Oster, 1996; 
Yamaguchi and Condeelis, 2007). However, the role for myosin-II is complicated. Myosin-IIA 
stabilizes focal adhesions after formation of protrusions and it is also critical for generation of 
traction forces at the leading edge (Jorrisch et al., 2013; Pasapera et al., 2010).  However, in most 
systems, knockdown of myosin-IIA does not significantly reduce cell migration (Doyle et al., 2012; 
Harada et al., 2014). Perhaps in these cases, cell migration becomes less adhesion-dependent, 
which is more close to fast amoeboid movement among dendritic cells and immune cells (e.g. 
leukocytes) (Friedl et al., 1998). Myosin-IIB is less abundant than myosin-IIA and it coassembles 
with myosin-IIA at the posterior of the cell when myosin-IIA filaments move rearward via actin 
retrograde flow (Beach et al., 2015). Nuclear anchorage and positioning has been reported to be 
affected by myosin-IIB as knockdown of myosin-IIB results in both of freely rotating nuclei in CHO 
cells and impaired nuclear positioning among fibroblasts (Chang et al., 2013; Vicente-Manzanares 
et al., 2007). The detailed role for myosin-IIB in cell migration on 2D surface is still poorly 
understood but at least literature reported shadow knockdown of myosin-IIB (28%) is sufficient to 
halt the durotaxis of mesenchymal stem cells on substrate with gradient stiffness (Raab et al., 
2012).  
 Besides the essential steps that are considered in 2D migration, an additional obstacle that 
a cell needs to overcome in 3D migration is to translocate the bulky nucleus through free space in 
tissues (Irianto et al., 2016d). Measurements of tumors (from A549 cell line) in vivo indicate the 
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diameter of pores in tumors between collagen matrices is ~2-3 µm which is ~20% of the diameter 
of a nucleus of A549 cells cultured on rigid plastic (Harada et al., 2014). This spatial constriction 
costs huge amount of energy for a cell to squeeze through its nucleus, especially when the matrix 
is too stiff to be degraded or to be pushed aside. Reductionist approaches have been developed 
to mimic such situation in vitro including crosslinked collagen gels, micropipette aspiration, 
microfluidic channels and Transwell membranes (Fig. 1.1) (Denais et al., 2016; Irianto et al., 
2016b). Regardless of experimental setups, pore sizes and matrix materials are always key factors 
that affect the constricted migration. Modeling has been done to provide one possible explanation. 
Assuming the mechanical force in cells that drives constricted migration is F and the resistant force 
from the constriction is Fc, a minimum requirement that a nucleus is able to migrate through the 
pore is F>Fc (Cao et al., 2016). Although decreasing the pore size monotonically increases the 
difficulty of constricted migration as well as Fc, soften the matrix not always facilitate constricted 
migration. As matrix stiffness largely affects the cell contractility and F, cells cannot generate 
enough contractility (F) to migrate through the constriction at very soft conditions (Cao et al., 2016; 
Shenoy et al., 2016).  
 Both of pushing and pulling forces have been proposed to be the mechanical drive for 
constricted migration. Under the pushing mechanism, the nucleus is squeezed forward 
synergistically by actomyosin contraction in the rear of the cell and by actin polymerization (or actin 
treadmilling) inside the pore (Lammermann et al., 2008; Zhang et al., 2007). Myosin-IIB enriches 
near the nucleus at the cell posterior in constricted migration to push the nucleus, consistent with 
its functions discovered on 2D studies (Thomas et al., 2015). Depleting myosin-IIB results in ~3 
times more transmigration time when MDA-MB 231 cells (breast cancer) are migrating through a 
2µm constriction inside a PDMS microfluidic channel (Thomas et al., 2015). Moreover, cells after 
knockdown of myosin-IIB exhibit a peculiar elongated shape with a rounded back inside the channel 
due to nuclear immobilization at the rear ends (Beadle et al., 2008; Thomas et al., 2015). Because 
posterior actomyosin contraction is required to retract and detach the cell membrane, cells after 
myosin-IIB depletion are unable to push their large, rigid nuclei through small interstices in the 
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device channel. Different from myosin-IIB pushing at the back of the nucleus, high level of actin 
polymerization is seen always at the contact area between the channel and the nucleus (Thiam et 
al., 2016). For example, when a nucleus starts to enter the constriction, actin polymerization occurs 
at the entrance of the constriction. However, when the nucleus is migrating inside the constricted 
channel, the high level of actin polymerization occurs at the sides of the nucleus. Indeed, this 
perinuclear actin polymerization regulated by Arp2/3 provides an extra lateral compression to 
facilitate nuclear deformation and constricted migration. This high actin polymerization seems to be 
universal in cells carrying any large particles though constrictions. For example. after internalizing 
micrometer-size polystyrene beads, “peribead” actin polymerization is seen when dendritic cells 
are dragging the beads through narrow microfluidic channels (Thiam et al., 2016). Another 
proposed “pushing” mechanism based on modeling is the back pressure created by cortical 
membrane tension in the front and rear cytosolic compartments. This model assumes 1) 
homogeneous mechanical properties of the plasma membrane (as a polymer shell) and 2) the 
cytosol parts that migrated and unmigrated through the pore are circular (like “8” shape, Fig. 1.2). 
As the majority of the cell usually migrate through the constriction before moving the nucleus during 
experiment (Chen et al., 2013), the pressure difference estimated as ΔP=2γ(1/Rr-1/Rf) will always 
be positive (γ is the actin cortical tension; Rr is radius of circle at the rear side; Rr is the radius of 
circle at the front side; 1/Rr>1/Rf as Rr<Rf) (Cao et al., 2016). Thus, this positive back pressure 
created by the geometry of the cell membrane exerts an extra driving force that facilitates the 
constricted migration. 
Under the pulling mechanism, modeling has proposed the necessity of pulling although 
experiments have not concluded whether pulling force is crucial or not. A study models the principal 
strain on nuclear geometry “before”, “during” and “after” constricted migration. Only when pulling 
force is applied, cells can migrate though constrictions with a magnitude of force within the 
physiological range. Without pulling, pushing alone requires a large force that cells are not able to 
generate (Cao et al., 2016). Consistently, micropipette aspiration experiments at least show pulling 
a nucleus with physiological force is sufficient to deform the nucleus and to suck it into a 3µm pore 
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(Irianto et al., 2016e). Myosin-IIA contraction has been shown to pull the nucleus forward in 2D 
migration (Wu et al., 2014). However, knockdown myosin-IIA seems not significantly affect the rate 
of nuclear passage through constrictions in various studies (Thiam et al., 2016; Thomas et al., 
2015). Therefore, further studies are needed to identify the pulling source.  
1.4 Constricted migration causes NE rupture and DNA damage 
 A simple model has been developed to explain the DNA damage occurs during constricted 
migration. This model assumes a dynamic equilibrium of DNA damage and repair process with a 
constant damaging rate and a varied repair rate due to mis-localization of DNA repair factors 
caused by both segregation (squeezing sponge model) and NE rupture during constricted migration 
(Bennett et al., 2017). 
Although different cells exhibit dramatically different efficiency in constricted migration, a 
shared observation is NE rupture when the nucleus is entering the confinement (Fig. 1.3) (Denais 
et al., 2016; Raab et al., 2016). In general, mesenchymal-like cells such as C2C12 and U2OS cells 
migrate faster than epithelial-like cells such as A549 and huh7 (Irianto et al., 2017). DNA and mobile 
proteins form a mixture in the nucleus, which can be analogized to a sponge with fluid. According 
to live imaging in 2-3µm wide microfluidics channels and micropipette aspiration, a portion of mobile 
protein in the nucleus will be segregated from chromatin as the nucleus is entering the pore, similar 
to water segregation when squeezing the sponge (Fig. 1.4) (Irianto et al., 2016b). Then, the NE 
rupture occurs at the front of the nucleus where NE is highly bent. After NE rupture, large portion 
of nuclear RFP-NLS suddenly mis-localizes to the cytoplasm and small portion of cytoplasmic GFP-
NES enters the nucleus at the same time (Denais et al., 2016). At the ruptured site, a nuclear bleb 
forms, which is enriched in lamin-A but deficient in lamin-B (Fig. 1.3) (Harada et al., 2014). Nuclear 
pore complex (NPC) is absent at the ruptured region, indicating membrane is temporarily dilated 
as well (Raab et al., 2016). Although current live imaging in constricted migration has not resolved 
whether membrane breaks first or nuclear bleb forms first, 2D studies of laminopathy cells on rigid 
substrate indeed show highly distorted nuclear blebs appear prior to nuclear membrane break (De 
Vos et al., 2011; Hatch and Hetzer, 2016; Tamiello et al., 2013).  
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When nuclear proteins mis-localized to cytoplasm, cytoplasmic proteins enter the nucleus 
at the same time. Except for GFP-NES, cGAS is the only cytoplasmic protein that has been shown 
to enter the ruptured nuclei so far (Fig. 1.5) (Raab et al., 2016). The cGAS is a cyclic guanosine 
monophosphate-adenosine monophosphate (GMP-AMP) synthase that binds only to DNA at the 
ruptured site based on observations (Denais et al., 2016; Luecke et al., 2017). Activation of cGAS 
usually triggers inflammatory response through STING pathway (Chen et al., 2016). Although 
whether accumulation cGAS activates inflammatory response in the ruptured nuclei is still 
unknown, the micronuclei resulted from constricted migration are indeed cGAS positive and robust 
enough to activate STING signaling based on RNA expression assay (Harding et al., 2017). 
Whether other cytoplasmic proteins can enter the rupture nuclei and create impact is still unknown. 
Therefore, further studies are still needed. 
ESCRT III has a role in repairing cell membrane (Jimenez et al., 2014; Olmos et al., 2015; 
Vietri et al., 2015) and surprisingly it is recruited to the ruptured site in minutes to repair nuclear 
membrane as well (Raab et al., 2016). Inhibition of ESCRT III results in delayed membrane reseal. 
The time scale for a complete reseal process various from minutes to ~ one hour depending on 
size of rupture and also cell types. However, this ESCRT III-mediated nuclear membrane repair is 
universal as laser ablation or compression induced nuclear membrane break also recruits ESCRT 
III to the break location (Denais et al., 2016; Raab et al., 2016). 
 
1.5 Modeling DNA damage occurrence during constricted 
migration  
 A simple model has been developed to explain the DNA damage occurs during constricted 
migration. This model assumes a dynamic equilibrium of DNA damage and repair process with a 
constant damaging rate and a varied repair rate due to mis-localization of DNA repair factors 
caused by both segregation (squeezing sponge model) and NE rupture during constricted migration 
(Bennett et al., 2017). 
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A simple elastic-fluid model of the nucleus provides insight into the physics of protein 
squeeze-out. The nucleus is treated as a two-part system with an elastic component (chromatin) 
immersed in a fluid component containing mobile nuclear proteins (Bennett et al., 2017). In an 
undeformed nucleus, the volume fraction ϕ of solid-phase chromatin is ϕ
0
 ~ 67% (Bancaud et al., 
2009), so the free volume for diffusion of mobile factors is (1 - ϕ
0
) ~ 33%. However, when the 
nucleus is constricted, the solid volume fraction changes with radial nuclear deformation Λr: 
 
𝜙 = 𝜙0 Λ𝑟
2−𝛼⁄ ,              (1) 
 
where 𝛼 is related to the Poisson ratio of the nucleus. According to Eq. 1, the local density of 
chromatin inside a 3 µm pore/pipette increases to ϕ
constricted
 ~ 85%, leaving a free volume fraction 
of just (1 - ϕ
constricted
) ~ 15% for the mobile protein fluid. It follows that mobile factors inside the 
constriction should be (1 - ϕ
constricted
) (1 - ϕ
0
)⁄ ≃ 15% / 33% ≃ 50% as abundant as mobile factors 
in an unperturbed nucleus in theory (Bennett et al., 2017). Comparing to real numbers in 
micropipette aspiration experiments, as the nucleus is entering the confinement, DNA repair factors 
are squeezed out from the DNA (Fig 1.4). Smaller confinement in general causes more segregation 
(Fig 1.4). When the confinement is ~3µm in diameter, protein segregation tends to be ~50% 
independent of protein sizes (Fig 1.4). Therefore, this model prediction agrees well with the above-
described experiments showing depletion of diffusible nuclear proteins from confining pores and 
micropipettes (Irianto et al., 2016b). 
Depletion of nuclear proteins—in particular, repair proteins—is expected to physically inhibit 
the DNA damage response. In short, DNA breaks constantly form by various means, such as 
replication and oxidative stress. Normally, these routine lesions are repaired by dedicated factors 
(e.g. ATM, BRCA1, etc.) such that the breakage and repair rates reach a steady state. In the simple 
elastic-fluid model of the nucleus, described above, it is assumed that breaks are repaired when 
repair factors bind to them. Hence, the concentration of unbound breaks cU and concentration of 
bound breaks cB evolve over time as breaks form and repair factors bind and unbind. The change 
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over time in cU is essentially the rate per unit volume at which unrepaired breaks arise (kb(ϕ)) minus 
the rate per unit volume at which repair factors adsorb to those breaks: 
 
𝑑𝑐𝑈
𝑑𝑡
= 𝑘𝑏(𝜙) − 𝑘ads𝑐𝑈(𝑡)[𝑐𝑟(1 − 𝜙) − 𝑐𝐵(𝑡)],     (2) 
 
where kads is the rate constant for adsorption of repair factors to break sites, and 𝑐𝑟 is the constant 
concentration of repair factors. A similar rate equation describes the evolution of cB: 
 
𝑑𝑐𝐵
𝑑𝑡
= 𝑘ads𝑐𝑈(𝑡)[𝑐𝑟(1 − 𝜙) − 𝑐𝐵(𝑡)] − 𝑘des𝑐𝐵(𝑡),      (3) 
 
with kdes being the desorption rate of repair factors from break sites (Bennett et al., 2017). 
The total DNA damage D in the nucleus is calculated by solving Eqs. 2 and 3 for the 
unbound break density cU, and then integrating cU over the whole volume of the chromatin Vchrom, 
as follows: 
 
𝐷(𝑡) = ∫ 𝑑𝑉𝑐𝑈(𝑡) ≈ 𝑐𝑈(𝑡)𝑉chrom = 𝑐𝑈(𝑡)
𝑉nucl𝜙0
𝜙𝑉chrom
,        (4) 
 
where Vnucl is nuclear volume. Altogether, this model shows that radial deformation of the nucleus 
Λr, as occurs during pore migration and micropipette aspiration, reduces the fluid volume fraction 
1 - ϕ
constricted
 inside the constriction (Eq. 1). As a result, there is less space for free diffusion of 
mobile proteins, so these proteins are severely depleted from the pore/pipette, where chromatin is 
densest. As long as repair factors are thus segregated away from chromatin, normally occurring 
DNA breaks cannot be efficiently repaired, and unbound breaks (i.e. breaks not bound by repair 
factors) accumulate (Eq. 2,3). Excess unbound breaks mean excess DNA damage (Eq. 4) (Bennett 
et al., 2017). Although the model suggests low level of DNA repair can still occur in the constriction, 
experimental results are still lacking to prove such concept. 
Migration-induced mis-localization of crucial DNA repair proteins occurs not only through 
mobile protein segregation, but also through rupture of the NE (NE), which causes mobile proteins 
to leak into the cytoplasm over many hours (Irianto et al., 2017; Xia et al., 2018b). A simple 
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hydrodynamic theory suggests that NE rupture happens when the internal pressure in the nucleus 
rises due to compressive forces exerted on the nucleoplasm during constricted migration. In 
regions of the NE where no external forces are applied, such as the (high-curvature) leading tip of 
the nucleus, this increased internal pressure is balanced by an increase in the NE surface tension 
σ, per the Young-Laplace equation: 
 
∆𝑝 = 2𝜎𝐶,              (5) 
 
where the Laplace pressure ∆p is the pressure difference across the NE, and C = 1 Rc⁄  is the mean 
NE curvature. Formation of a hole in the nuclear lamina lowers the membrane bending energy and 
disrupts this force balance (Eq. 5), leading possibly to fluid outflow from the nucleus. Such outflow 
locally inflates the NE around the lamina hole, producing a bleb that can burst to allow exchange 
of nucleo-cytoplasmic contents and even chromatin herniation (Deviri et al., 2017). By this 
mechanism, DNA repair proteins frequently mis-localize to the cytoplasm during constricted 
migration, which, again, physically inhibits routine DNA damage repair over the hours-long 
migration process. 
 
1.6 Long term consequences after NE rupture 
 
Although rupture-induced DNA damage is transient as it eventually returns to normal level 
after 1-2 days of culture, repetitive NE rupture indeed causes lasting genomic variations that can 
translate to transcriptomic and phenotypic changes. Clonal U2OS cells after three consecutive 
constricted migrations exhibit unique chromosome copy number changes and loss of 
heterozygosity. After migrating the U2OS cells 17 times, some cells become spindle-shape which 
are different from normal U2OS cells. These cells after isolation are confirmed to gain an extra copy 
of chromosome 8 p-arm and starts to express high level of GATA4 which reside on that 
chromosome segment. As GATA4 affects microtubule formation and drives cell polarization, the 
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phenotypic change due to GATA4 expression is highly possible a combined result of genomic 
variation and gene dosage effect (Irianto et al., 2017).  
 
1.7 Conclusions 
Regardless of NE rupture caused by constricted migration or lamin-A defect, elevation of 
DNA damage and genomic variation can occur. This genomic variation arises in such processes 
seems to be random rather than directional or selective. Cancer and senescence are the two cases 
resulted from genomic aberrations, but they are studied separately as they exhibit opposite 
phenotypes. Indeed, partial loss of lamin-A is seen in various cancers including lung, breast, colon, 
ovarian and prostate cancers, and partial depletion of DNA repair factors in tumors have been seen 
in clinical for many years. NE rupture seems to be a link that bridges the evidence. In other cases, 
nuclear depletion of KU80 results in progeria-like senescence. However, proliferation of progeria 
cells can be rescued by culturing cells on ECM which is supposed to be much softer than rigid 
plastic. Again, NE rupture is one conceivable mechanism that is able to connect the observations. 
More downstream effects of NE rupture are still unknown. Those questions will be interesting for 
future studies. 
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Figure 1.1. Reductionist approaches that are used in constricted migration: collagen matrix, 
microfluidic devices, Transwell membrane. 
 
 
Figure 1.2. The geometry of cells in constricted migration that provides positive back 
pressure.  
 
 
 
Figure 1.3. After nuclear envelope rupture, a nuclear bleb forms with enriched lamin-A but 
deficient lamin-B. Scale bar: 10μm.  
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Figure 1.4. Micropipette aspiration experiments reveal mobile protein segregation when the 
DNA is entering the confinement. When the pore is ~ 3μm in diameter, the protein 
segregation is ~ 50% independent of protein sizes. 
 
 
 
Figure 1.5. After nuclear envelope rupture, cGAS enters the nucleus and binds to the nuclear 
bleb. A micronucleus is located next to the nucleus and it is cGAS positive. Scale bar: 10μm.  
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CHAPTER 2  
Nuclear rupture at sites of high curvature compromises 
retention of DNA repair factors  
 
This chapter appears in Journal of Cell Biology, DOI: 10.1083/jcb.201711161 (2018). 
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Abstract 
 
The nucleus is physically linked to the cytoskeleton, adhesions, and extracellular matrix – 
all of which sustain forces, but their relationships to DNA damage are obscure. We show that 
nuclear rupture with cytoplasmic mis-localization of multiple DNA repair factors correlates with high 
nuclear curvature imposed by an external probe or by cell attachment to either aligned collagen 
fibers or stiff matrix. Mis-localization is greatly enhanced by lamin-A depletion, requires hours for 
nuclear re-entry, and correlates with an increase in pan-nucleoplasmic foci of the DNA damage 
marker, γH2AX. Excess DNA damage is rescued in ruptured nuclei by co-overexpression of 
multiple DNA repair factors as well as by soft matrix or inhibition of actomyosin tension. Increased 
contractility has the opposite effect, and stiff tumors with low lamin-A indeed exhibit increased 
nuclear curvature, more frequent nuclear rupture, and excess DNA damage. Additional stresses 
likely play a role, but the data suggest high curvature promotes nuclear rupture, which compromises 
retention of DNA repair factors and favors sustained damage. 
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2.1 Introduction 
Cytoskeletal forces applied to extracellular matrix (ECM) through adhesions are also 
exerted on the nucleus (Wang et al., 2009).  Structural proteins sustain the forces up to a point at 
which some protein or its assembly breaks.  Even a microtubule well-known for its rigidity is broken 
when strongly bent by cytoskeletal forces (Odde et al., 1999). For the nucleus, lamin intermediate 
filament meshworks (Turgay et al., 2017) somehow stiffen the nucleus and sustain nuclear forces 
(Lammerding et al., 2007). Indeed, fibroblasts mutated or deficient in lamin-A,C (hereafter lamin-
A) exhibit nuclear rupture with mis-localization of GFP-NLS constructs (with strong nuclear 
localization signals) and GFP-tagged transcription factors – at least in sparse culture on standard 
rigid dishes (De Vos et al., 2011). Soft gels limit cell and nuclear spreading as well as stress fiber 
assembly (Buxboim et al., 2017), and they rescue mis-localization of GFP-NLS as effectively as F-
actin inhibition (Tamiello et al., 2013). An acetyl-transferase inhibitor that rescues highly curved 
nuclear shapes and as well as excess DNA damage (Larrieu et al., 2014) also inhibits cytoskeleton 
assembly (Oh et al., 2017). Senescence/apoptosis that is often associated with DNA damage is 
additionally rescued by culturing mutant cells on almost any type of ECM rather than on rigid plastic 
(de La Rosa et al., 2013; Hernandez et al., 2010). Nonetheless, mechanisms of nuclear rupture 
and DNA damage remain unclear. 
DNA damage and repair are ongoing in the nucleus, with DNA repair factors diffusing to 
damage sites. DNA damage requires hours for repair to a basal level following acute exposure to 
damage-causing agents (Burma et al., 2001; Soubeyrand et al., 2010). However, multiple DNA 
repair factors (e.g. BRCA1) mis-localize to cytoplasm in breast tumors, and nuclear depletion 
correlates with DNA damage and patient survival (Alshareeda et al., 2016). Breast tumors also 
have low lamin-A (Capo-chichi et al., 2011) as do several cancers (Broers et al., 1993; Kaspi et al., 
2017). Mis-localization of DNA repair factors such as 53BP1 can lead to their progressive loss 
(Nuciforo et al., 2007), with cytoplasmic degradation of a DNA repair complex KU70-KU80 also 
suggested in senescence of non-malignant cells on rigid plastic (Seluanov et al., 2007). Nuclear 
rupture is one conceivable mechanism for mis-localization of DNA repair factors and a consequent 
21 
 
excess of DNA damage. We hypothesized that such a process occurs as a result of high nuclear 
curvature, with rupture frequency increased by both intracellular and extracellular structural factors 
that include low levels of lamin-A, high actomyosin stress, and stiff ECM.  
2.2 Results 
2.2.1 High-curvature probes rapidly rupture nuclei without disrupting 
plasma membrane  
Nuclei in live U2OS osteosarcoma cells were probed with Atomic Force Microscopy (AFM) 
tips of either medium or high curvature (4.5 µm sphere, or pyramidal tip <0.1 µm diam.) (Fig. 
2.1A,B). The force was held constant in a ~nano-Newton (nN) range similar to the contractile forces 
generated by cells (Saez et al., 2005). Nuclear factors that are known to be mobile within the 
nucleus were observed simultaneously with probing: these included YFP-NLS and GFP fusions of 
DNA repair factors 53BP1 and KU80 (Fig. 2.1C). Sudden mis-localization to cytoplasm was 
frequently evident when probing with medium curvature tips after lamin-A knockdown (Fig.A1A) 
whereas WT nuclei required high-curvature tips (Fig.2.1A,B bargraph). YFP or GFP signal filled the 
cytoplasm for minutes even after release of the AFM tip (inset under Fig.2.1B). The images suggest 
an intact plasma membrane and sustained, selective rupture of the nuclear envelope;  changes in 
nuclear signal that reverses within seconds has been attributed – in contrast – to distortion of 
nuclear pores (Elosegui-Artola et al., 2017). Furthermore, lamin-A is most abundant in stiff tissues 
such as bone (Swift et al., 2013), which is relevant to osteosarcoma, and our probing begins to 
suggest that lamin-A protects against curvature-induced rupture. 
Sites of nuclear rupture in interphase cells that migrate through circular pores (Denais et 
al., 2016; Raab et al., 2016) or rectangular channels with high-curvature corners (Denais et al., 
2016; Raab et al., 2016) are marked by focal DNA binding of cytoplasmic cyclic GMP-AMP 
synthase (cGAS). Within non-migrating cells probed here by AFM, mCherry-cGAS enriches within 
seconds where the tip indents the nucleus (Fig.2.1D), and the mobile DNA repair factor GFP-KU80 
simultaneously mis-localizes to cytoplasm (Fig.2.1E). Neither cGAS nor the repair factor decrease 
significantly in total signal, which provides quantitative evidence of plasma membrane integrity 
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(Fig.2.1E, bottom quantification). Because cGAS might enter nuclear pores distorted under the 
AFM tip, we imaged Lamin-B receptor (i.e. GFP-LBR), which is an integral membrane protein that 
binds lamin-B and mirrors rupture of the lamin-B meshwork after constricted migration (Buxboim et 
al., 2017). Under AFM tips, LBR gaps are evident at sites of cGAS nuclear entry (Fig.2.1F). LBR in 
endoplasmic reticulum (ER) and elsewhere was otherwise unaffected by high curvature 
perturbations.  
  
2.2.2 Collagen fiber films promote nuclear curvature and DNA repair factor 
mis-localization  
To test the hypothesis that nuclear curvature generated by a cell – rather than by external 
probes, pores, or channels – accelerates nuclear rupture with mis-localization of key nuclear 
factors, lamin-A knockdown cells were cultured on nanofilms of collagen-I fibers that align as they 
self-assemble on mica (Ivanovska et al., 2017) (Fig.2.2A). The U2OS cells and their nuclei elongate 
along fibers (Fig.2.2B, A1B), appearing similar to other mesenchyme-derived cells in tendon 
(Docheva et al., 2005). However, the films appear ‘soft’ only in the sense that adjacent fibers are 
visibly pulled off of the non-adhesive mica after 6-12 h of cell adhesion; this limits lateral spreading 
of a cell and thus favors a high aspect ratio (Fig.2.2B). Past studies of lamin-A defective fibroblasts 
on soft substrates would predict no nuclear rupture (Tamiello et al., 2013). 
Immunostaining for DNA repair factor KU70 showed cytoplasmic mis-localization within 
cells with high aspect ratio (AR) nuclei (Fig.2.2C). Normalized maximum curvature increases with 
AR (Fig.2.2D) but is lower than ellipse theory at high AR, which suggests the nucleus resists strong 
bending (at the poles). Circularity is more similar in experiment and theory because circularity is 
less sensitive to the local differences at nuclear poles. Mis-localization of GFP-KU70 accompanied 
enrichment of mCherry-cGAS at nuclear pole(s) (Fig.2.2E-images). Furthermore, if cGAS foci were 
seen in a nucleus, then the same cell showed high cytoplasmic GFP-KU70 (Fig.2.2E-bargraph). 
Because KU70 dimerizes with KU80, similar mis-localization phenomena are expected for both 
(e.g. Fig.2.1D).  Nuclear curvature imposed by cell-generated forces (that are also resisted by stiff 
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ECM) thus increases the likelihood of focal nuclear rupture. Cell and nuclear responses to stiff ECM 
along the fiber direction, rather than lateral softness, is consistent with cells responding to other 
anisotropic substrates such as rigid glass hidden below a thin soft gel (Buxboim et al., 2017). 
 
2.2.3 Excess DNA damage in cells correlates with mis-localized DNA 
repair factors 
Partial knockdown of lamin-A with shLMNA was stably achieved in A549 lung carcinoma 
cells, whereas shLMNA-treated U2OS cells showed a growth defect (Fig. A1C).  These cells grew 
normally (Fig. A1D), but 10~20% of nuclei exhibited KU80 mis-localization in cells on rigid 
coverslips (Fig.A1E). A relationship to nuclear curvature was evident (even without collagen fiber 
films): the lamina was disrupted at nuclear poles with enrichment of the residual lamin-A and 
depletion of lamin-B (Fig.2.3A-i and ii). Anti-correlated distributions of lamin-A and -B occur at sites 
of nuclear rupture (also at nuclear poles) during constricted migration (Denais et al., 2016; Harada 
et al., 2014). Ruptured A549 nuclei were also more elongated, with lower nuclear circularity 
compared to non-ruptured nuclei, while nuclear area was constant (Fig.2.3A-iii).  
DNA repair and DNA damage are ongoing (Fig.2.1C), and cell growth checkpoints require 
low damage. Immunostaining for the DNA damage marker phosphorylated-Histone-2AX (γH2AX) 
(Darzynkiewicz et al., 2011) together with KU80 indeed shows KU80 mis-localization tends to 
correlate with excess γH2AX foci in the shLMNA cells (Fig.2.3B,C). DNA damage foci were 
randomly distributed throughout the nucleoplasm rather than concentrated near sites of high 
curvature lamina disruption (Fig.2.3B images). Stable expression of GFP-LMNA rescued 
knockdown cells, and an electrophoretic ‘comet’ assay for DNA damage confirmed the imaging 
(Fig.A1F). Such a distribution is consistent with impeded repair of dispersed DNA damage. 
 
24 
 
2.2.4 Rescue of rupture-induced DNA damage by co-overexpression of 
DNA repair factors  
Repair of DNA requires hours after acute damage by either radiation or drugs (Alvarez-
Quilon et al., 2014; Staszewski et al., 2008). While GFP-NLS type constructs re-enter nuclei quickly 
(<1h) after nuclear rupture and resealing (Hatch and Hetzer, 2016; Raab et al., 2016), DNA repair 
factors appear mis-localized more frequently, suggesting slower re-localization (Fig.A1G). GFP-
NLS is far smaller than many repair factors (e.g. 53BP1, BRCA1, or KU80-KU70 heterodimers 
~150-250 kDa), and even passive permeation through nuclear pores decreases strongly with 
molecular size (Samudram et al., 2016). To study the kinetics of GFP-53BP1 mis-localization, 
U2OS cells on rigid coverslips were imaged live for ~10h. Decreased nuclear circularity and 
increased cell spreading are seen prior to nuclear envelope rupture (Fig.2.3D right), suggesting 
rupture at a high curvature fluctuation in a tensed nucleus. Deep knockdown of LMNA increased 
rupture 5~10-fold (to ~10%) in both live and fixed samples (Fig.A1H), and nuclear rupture caused 
rapid mis-localization (<15min) with slow recovery back into the nucleus (~6h) (Fig.2.3D).  GFP-
53BP1 loss to cytoplasm was accompanied by simultaneous mis-localization of endogenous DNA 
repair factors upon immunostaining after live cell imaging (KU80 in Fig A1I), with simultaneous mis-
localization observed for all DNA repair factors examined (BRCA1, KU70, RPA2, BRCA2 in 
Fig.A2A). 
If mis-localization of key repair factors shifts the steady state toward excess DNA damage 
(Fig.2.1C), then their simultaneous overexpression within ruptured nuclei should rescue damage. 
KU80 and KU70 form heterodimers and repair DNA damage in a pathway orthogonal to that of 
BRCA1 (Chang et al., 2017; Gudmundsdottir and Ashworth, 2006), and partial knockdown of each 
repair factor results in excess DNA damage that is specifically rescued by repair factor 
overexpression without affecting a basal damage (Fig. A2B). Expression plasmids for these three 
repair factors were thus pooled for co-overexpression (denoted GFP-3) in U2OS lamin-A 
knockdown cells (Fig.A2C). GFP-53BP1 was used as a negative control because neither its 
overexpression nor si-53BP1 affect DNA damage (Fig.A2D). Rupture was assessed by cytoplasmic 
mis-localization of endogenous DNA repair factors or GFP fusions, and the latter transfections did 
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not alter the ~10% of ruptured cells in fixed cultures (Fig.2.4A). Even with rupture, nuclear GFP 
signal was intense relative to antibody staining for repair factors.  For ruptured nuclei with 
cytoplasmic KU80 or GFP-53BP1, DNA damage was in equal excess, but GFP-3 rescued excess 
damage (Fig.2.4A). For non-ruptured nuclei, GFP-3 had no effect on basal DNA damage (Fig.2.4A), 
and so the three DNA repair factors are not limiting except when the nucleus ruptures.   
 
2.2.5 Rescue of nuclear rupture and DNA damage by soft ECM and 
myosin-II inhibition  
Since mis-localization of DNA repair factors results from nuclear envelope rupture that 
relates to curvature and forces on the nucleus, reduction of such nuclear stress should in principle 
rescue mis-localization of DNA repair factors and thereby rescue the excess DNA damage. Soft 
matrices minimize actomyosin contractility and cause cells and nuclei to be less spread with lower 
curvature and less lamin-A (Buxboim et al., 2017), as confirmed for wildtype A549’s (Fig.A2E).  
A549 shLMNA cells on gels that are in the range of soft tissues (3 and 0.3 kPa (Swift et al., 2013)) 
showed minimal nuclear rupture and DNA damage (Fig.2.4B) relative to cells on stiff gels (40 kPa 
is typical of fibrotic tissue (Dingal et al., 2015)). Soft gels minimized actomyosin assembly and 
nuclear curvature as expected (Fig.2.4B-bargraph), and wildtype A549 cells showed little evidence 
of nuclear rupture or excess DNA damage.  
Actomyosin tension drives spreading of a cell and its nucleus on rigid culture substrates, 
but myosin-II relaxation by blebbistatin causes rapid cell and nuclear rounding (Buxboim et al., 
2017) (Fig.A2F). Such inhibition again decreased cytoplasmic mis-localization of KU80 in shLMNA 
A549 cells to Ctl levels and also decreased DNA damage to levels similar to soft gels, based on 
γH2AX foci and electrophoretic comet assay (Fig.2.4C). A small, persistent excess of DNA damage 
in knockdown cells after relaxing nuclear curvature (by soft ECM or myosin-II inhibition) is 
consistent with partial loss of DNA repair factors in long-term, plastic-cultured shLMNA cells 
(BRCA1, 53BP1, but not KU80) (Fig.A2G) – although repair factor levels are unaffected by short-
term perturbations (blebbistatin, gel cultures: Fig.A2H,I).  For 53BP1, protein degradation is faster 
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in lamin-A mutant cultures (Das et al., 2013); turnover could be favored by cytoplasmic mis-
localization.  
Overexpression of nonmuscle myosin-II in wildtype cells with normal lamin-A levels have 
the opposite effects of the above rescues. Wildtype nuclei exhibited higher curvature, more 
cytoplasmic mis-localization of KU80, and more DNA damage by two assays (Fig.A3). Blebbistatin 
again rescued the effects. The results might explain why hyper-activation of nonmuscle-myosin-II 
(by depleting a repressive phosphatase) causes nuclear dysmorphia in standard cultures and 
increased DNA damage (Takaki et al., 2017). Lamin-A defects are therefore unnecessary for 
nuclear disruption and DNA damage. 
 
2.2.6 Solid tumors: high curvature nuclei, mis-localized repair factors, 
excess DNA damage  
ECM stiffness can be high in solid tumors (Levental et al., 2009; Lu et al., 2012). We 
hypothesized LMNA knockdown cells exhibit some of the processes in vivo as seen in cultures on 
rigid substrates. Lung tumors have low lamin-A (Broers et al., 1993; Kaspi et al., 2017), and so 
lung-derived A549 Ctl and shLMNA cells expressing tdTomato were engrafted in mice (Fig.2.5A) 
followed by resection of solid tumors for quantifying nuclear shape, KU80 mis-localization, and DNA 
damage. Anti-KU80 showed ~3-fold higher cytoplasmic immunostaining in shLMNA tumors than 
Ctl tumors (Fig.2.5B,C). Immunostaining was human-specific: mouse nuclei with intense DNA 
chromo-centers showed no anti-KU80 (Fig.2.5B open arrow). The fraction of shLMNA cells in vivo 
that showed mis-localized KU80 was slightly lower than the same cells in vitro on rigid substrates 
(Fig.2.5D). A549 tumors have a stiffness between that of soft gels and rigid plastic (Swift et al., 
2013), which predicts an intermediate rupture level. Lower circularity of shLMNA nuclei in vivo 
(Fig.2.5D) is consistent with knockdown nuclei being more deformable (Harada et al., 2014). 
Electrophoretic comet assays showed more DNA damage in shLMNA tumors than Ctl tumors 
(Fig.2.5E), and in vivo results are again lower than for the same knockdown cells on rigid substrates 
but are still higher than Ctl’s (Fig.2.4C). While additional mechanisms might explain the excess 
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DNA damage, repair factor mis-localization does associate clinically with increased DNA damage 
(Alshareeda et al., 2016). 
2.3 Discussion 
In conclusion, nuclear rupture is shown here to occur with higher probability at high 
curvature sites under external probing forces and also under actomyosin forces when cells adhere 
to stiff ECM (Fig.2.5F). Additional mechanical stress on a strongly curved nucleus might also be 
important given that curvature does not necessarily equate to either curvature strain nor to 
curvature stress. Indeed, LMNA behaves in situ as a viscous fluid (Harada et al., 2014), and 
imposing curvature on a fluid sheet will (over time) dissipate strain and stress, while imposing 
curvature on a solid sheet (e.g. LMNB in situ) or even lipid bilayers (i.e. liquid crystals) should 
increase curvature strain, curvature stress, and also curvature energy. The latter is useful in 
understanding breakage of strongly bent microtubules (Odde et al., 1999). Regardless, for medium 
to high nuclear curvature, LMNA has a protective role under AFM probing (Fig.2.1A) and in 
adherent cells: in particular, shLMNA and Ctl A549 cells show no significant difference in circularity 
as a measure of nuclear curvature (Fig.A2F), and yet nuclear rupture is favored with low LMNA 
(Fig.2.3A-C, 2.4B-C, 5).  Nuclear mechanics is complex, but Gaussian curvature (product of two 
principal surface curvatures) is likely of greater importance than Mean curvature because rigid 
rectangular channels cause rupture only in small channels (Denais et al., 2016; Raab et al., 2016).  
Inward curvature (e.g. AFM poking of Fig.2.1) might also differ from outward curvature, but plasma 
membranes are known to rupture in either case when high forces are rapidly applied and thereby 
increase membrane tension (Engler et al., 2004). This is all important to understanding how “cell-
extrinsic mechanisms” such as ECM explain how lamin-A mutant mice, which typically die in weeks, 
achieve a normal lifespan as mosaic mice with a mix of 50% normal cells and 50% mutant cells 
(de La Rosa et al., 2013). The excess DNA damage quantified here indeed shows unusual 
upstream contributors of ECM rigidity and actomyosin contractility via mechanisms involving 
curvature-induced lamina rupture and loss of DNA repair factors. 
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2.4 Materials and Methods 
2.4.1 Cell Culture 
U2OS human osteosarcoma cells and A549 human lung carcinoma cells were cultured in 
DMEM high-glucose medium and Ham’s F12 medium (Gibco, Life Technologies), respectively, 
supplemented with 10% FBS and 1% penicillin/streptomycin (MilliporeSigma). Cells were 
incubated at 37oC and 5% CO2, as recommended by ATCC. For myosin-II inhibition experiments, 
20 μM blebbistatin (Calbiochem) was added to cell culture for 24 h. 
 
2.4.2 Immunostaining  
Cells were fixed in 4% formaldehyde (MilliporeSigma) for 15 minutes, followed by 15-
minute permeabilization by 0.5% Triton-X (MilliporeSigma), 30-minute blocking by 5% BSA 
(MilliporeSigma), and overnight incubation in primary antibodies at 4oC. The antibodies used 
include lamin-A/C (1:500, sc-7292, mouse, Santa Cruz), lamin-A/C (1:500, goat, sc-6215, Santa 
Cruz), lamin-B (1:500, goat, sc-6217, Santa Cruz), γH2AX (1:500, mouse, 05-636-I, 
MilliporeSigma), 53BP1 (1:300, rabbit, NB100-304, Novus), KU70 (1:500, mouse, sc-17789, Santa 
Cruz), KU80 (1:500, rabbit, C48E7, Cell Signaling), BRCA1 (1:500, mouse, sc-6954, Santa Cruz), 
BRCA2 (1:500, mouse, sc-293185, Santa Cruz), cGas (1:500, rabbit, D1D3G, Cell Signaling), and 
collagen-I (1:500, mouse, C2456, MilliporeSigma). Finally, after 90-minute incubation in secondary 
antibodies (1:500, donkey anti mouse, goat or rabbit, ThermoFisher), the cells’ nuclei were stained 
with 8 μM Hoechst 33342 (ThermoFisher) for 15 minutes. When used, 1 µg/mL phalloidin-TRITC 
(MilliporeSigma) was added to cells for 45 minutes just prior to Hoechst staining. 
 
2.4.3 Imaging 
Conventional epifluorescence images were taken using an Olympus IX71 microscope—
with a 40x/0.6 NA objective—and a digital EMCCD camera (Cascade 512B, Photometrics). 
Confocal imaging was done on a Leica TCS SP8 system with a 63x/1.4 NA oil-immersion objective. 
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2.4.4 Live Imaging 
For live imaging, we used an EVOS FL Auto Imaging System with 10X or 20X object in 
normal culture conditions (37oC, 5% CO2, complete culture medium as specified above). 
 
2.4.5 Alkaline Comet Assay  
The assay was performed according to manufacturer instructions (Cell Biolabs). First, cells 
were detached, mixed with liquefied agarose at 37oC, deposited on a specially treated glass slide, 
and then dried for 15 minutes at 4oC. Next, the glass slide—containing cells in agarose gel—was 
incubated in lysis buffer for 45 minutes and alkaline solution for 30 minutes. Electrophoresis was 
conducted at 300 mA for 30 minutes, and then the slide was washed with 70% ethanol and air dried 
overnight. Finally, DNA dye was applied for 15 minutes, and epifluorescence images were taken 
as described above. 
 
2.4.6 Synthesis of Soft and Stiff Polyacrylamide Gels  
Round glass coverslips (18 mm, Fisher Scientific) were cleaned in boiling ethanol and RCA 
solution (H2O:H2O2:NH4OH = 2:1:1 in volume) for 10 minutes each, and then functionalized in 
ATCS solution (chloroform with 0.1% allytrichlorosilane (MilliporeSigma) and 0.1% trimethylamine 
(MilliporeSigma) for 1 hour. Fresh precursor solution for 0.3 kPa soft gels (3% acrylamide + 0.07% 
bis-arylamide in DI water) and 40 kPa stiff gels (10% acrylamide + 0.3% bis-acrylamide in DI water) 
were prepared. Then, 0.1% N,N,N’,N’-tetramethylethylenediamine (MilliporeSigma) and 1% 
ammonium persulphate (MilliporeSigma) were added to each precursor solution, and 20 µL of the 
resulting mixture were added to each coverslip to allow gel polymerization. To achieve collagen-I 
coating, crosslinker sulfo-SANPAH (50 μg/ml in 50mM HEPES, G-Biosciences) was applied over 
the whole gel surface and photoactivated under 365 nm UV light for 7 minutes. Excess sulfo-
30 
 
SANPAH was washed away following UV activation, and then collagen-I solution (100 μg/ml in 50 
mM HEPES) was applied overnight at RT with gentle shaking (Xia et al., 2018a). 
 
2.4.7 Transfection in U2OS Cells 
All siRNAs used in this study were purchased from Dharmaconv (ON-TARGETplus 
SMARTpool siBRCA1 L-003461-00  (CAACAUGCCCACAGAUCAA, 
CCAAAGCGAGCAAGAGAAU, UGAUAAAGCUCCAGCAGGA, GAAGGAGCUUUCAUCAUUC); 
siKu80, L-010491-00 (GCAUGGAUGUGAUUCAACA, CGAGUAACCAGCUCAUAAA, 
GAGCAGCGCUUUAACAACU, AAACUUCCGUGUUCUAGUG); siLMNA L-004978-00 
(GAAGGAGGGUGACCUGAUA, UCACAGCACGCACGCACUA,  UGAAAGCGCGCAAUACCAA, 
CGUGUGCGCUCGCUGGAAA); and non-targeting siRNA D-001810-10 
(UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, 
UGGUUUACAUGUUUUCCUA)), except for si53BP1, (UAUUACCGUCUCCUCGUUC) which was 
a gift from Dr. Roger Greenberg of the University of Pennsylvania (Tang et al., 2013). We do not 
distinguish between lamin-A and lamin-C, because mice seem equally viable expressing either 
lamin-A or lamin-C (Coffinier et al., 2010; Fong et al., 2006). GFP-BRCA1 (Addgene plasmid # 
71116) was a gift from Dr. Daniel Durocher of the Lunenfeld-Tanenbaum Research Institute in 
Toronto, Canada; GFP-LBR was a gift from Dr. Rey-Huei Chen of Academia Sinica in Taipai, 
Taiwan; GFP-KU70 and GFP-KU80 were gifts from Dr. Stuart L. Rulten of the University of Sussex 
in Brighton, UK (Grundy et al., 2013); and GFP-53BP1 and mCherry-cGAS were gifts from Dr. 
Roger Greenberg (Harding et al., 2017). GFP-LMNA (Swift et al., 2013), GFP-MIIA, GFP-MIIB, and 
GFP-MIIA-Y278F were all used in our prior studies (Shin et al., 2011). Cells were passaged 24 
hours prior to transfection. A complex of siRNA oligos (25 nM) or GFPs (0.2-0.5 ng/mL) and 1 
µg/mL Lipofectamine 2000 (Invitrogen, Life Technologies) was prepared according to manufacturer 
instructions, and then added for 3 days (siRNAs) or 24 hours (GFPs) to cells in corresponding 
media supplemented with 10% FBS. GFP-3 in Fig. 4 consists of GFP-KU70, GFP-KU80, and GFP-
BRCA1 (0.2-0.5 ng/mL each). All plasmids are confirmed to produce specific functional proteins by 
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Western blot (Fig A2) or immunofluorescence (Fig 2.1-5, A2-3). Knockdown or overexpression 
efficiency was determined by immunoblot or immunofluorescence following standard methods. 
 
2.4.8 Viral Transduction  
Human LMNA shRNA lentiviral transduction plasmids were purchased from MilliporeSigma 
(Cat.# SHCLNG-NM_170707). We transfected these plasmids into bacteria, allowed them to 
replicate, and then harvested them using a QIAGEN Plasmid Maxi Kit. The resulting purified 
plasmids were sent to The Wistar Institute in Philadelphia, Pennsylvania, to produce active lentiviral 
particles. We then made A549 shLMNA cells according to a standard transduction protocol: ~1 
million cells were seeded in a 6-well plate with 2 mL culture medium, and then treated for 2 days 
with active lentiviral particles and 8 µg/mL polybrene (MilliporeSigma). Stable A549 shLMNA clones 
were generated after puromycin selection. For the LMNA rescue experiments, shLMNA cells were 
transduced by GFP-LMNA. The LMNA knockdown and rescue efficiency were determined by 
immunoblotting. Transduction of U2OS was performed according to the same protocol outlined 
here. Unfortunately, shLMNA U2OS cells with low lamin-A levels are not stable.   
 
2.4.9 Immunoblotting  
For each sample, ~1.5 million cells were trypsinized, pelleted, resuspended in 1X LDS lysis 
buffer supplemented with 1% protease and 1% phosphatase inhibitors, and then sonicated (3 x 15 
x 1 s pulses, intermediate power setting). After resting for 30 minutes on ice, samples were 
denatured at 80 °C with 0.5% β-mercaptoethanol v/v for 10 minutes. Samples were then loaded 
onto a bis-Tris 4-12% gradient gel (equal loading volumes across all samples, usually 4 µL per 15-
well), and electrophoresis was performed (100 V x 10 min; 160 V x 55 min). Finally, proteins were 
transferred from the gel onto a blotting membrane (iBlot; Life Technologies: settings P3, 7 min) for 
antibody staining and detection via standard methods. We used Fiji/ImageJ (Schneider et al., 2012) 
to measure band intensities relative to local background intensities. 
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2.4.10 Image Analysis 
Image analysis was typically performed using ImageJ (Schneider et al., 2012). For 
Fig.2.3C, KU80 mis-localization in ruptured nuclei results in a high Cyto./Nucl Ratio based on Fig. 
2.1. Based on Fig.2.2B, such rupture is 5-10 fold more common for shLMNA cells than either Ctl 
cells or rescued cells (+GFP-LMNA) that rarely rupture. For the latter, we averaged all data 
together, whereas for shLMNA cells, we averaged in three bins based on Cyto./Nucl. Bins were 
defined as either low bin (with similar average and width as Ctl) or medium bin (based on width of 
Ctl) or high bin (the remaining high points).  Based on this binning, high KU80 mis-localization 
correlates with high gH2AX foci counts.  Analysis reported in Fig. 2.5B (Cyto. KU80, bottom panels) 
was done in Matlab. To generate the Cyto. KU80 images in Fig. 2.5B, we uniformly subtracted the 
KU80 image background intensity from every pixel, and then we removed all signal at nuclear 
region, with the bounds of the nucleus determined by Hoechst staining. 
 
2.4.11 Establishment of A549 Tumors in Vivo  
For each injection, ~106 cells were suspended in 100 μL ice-cold PBS and 25% Matrigel 
(BD) and injected subcutaneously into the flank of non-obese diabetic/severe combined 
immunodeficient (NOD/SCID) mice with null expression of interleukin-2 receptor gamma chain 
(NSG mice). Mice were obtained from the University of Pennsylvania Stem Cell and Xenograft Core. 
All animal experiments were planned and performed according to IACUC protocols. 
 
2.4.12 In Vivo Tumor Imaging  
Mice were anesthetized via inhalation of isoflurane at 3 L/min and maintained at 1.5 L/min. 
Images were acquired using a Perkin Elmer IVIS Spectrum with excitation and emission filters set 
at 535 nm and 580 nm, respectively, optimized for tdTomato imaging. Images of each face of the 
sagittal plane were taken to capture both left and right flanks. Mouse fur was soaked with ethanol 
to reduce auto fluorescence prior to imaging. 
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2.4.13 In Vitro Tumor Imaging  
 Tumors were isolated from mice and fixed in 4% formaldehyde overnight. Fixed samples 
were then permeabilized by 0.5% Triton-X (MilliporeSigma) for 15 minutes, blocked by 5% BSA 
(MilliporeSigma) for 30 minutes, and incubated at 4oC overnight in primary antibodies (listed above 
in “Immunostaining and imaging”). The next day, samples were exposed to secondary antibodies 
(1:500, ThermoFisher) for 90 minutes, and, finally, stained with 8μM Hoechst 33342 
(ThermoFisher) for 15 minutes. In taking confocal scans, we excluded the outermost 1-2 cell layers 
of each tumor chunk, because the peripheral cells are most likely to be physically damaged during 
sample preparation. 
 
2.4.14 Nuclear Indentation by AFM during Fluorescent Imaging  
U2OS cells transfected with various GFP fusion constructs and siLMNA per above or YFP-
NLS U2OS were re-plated on coverslips at a density of 60,000 cells/cm2 and cultured overnight.  
Coverslips were mounted in the fluid cell of a hybrid AFM system (MFP-3D-BIO, software: MFP-
3D+Igor Pro 6.05, Asylum Research, Oxford instruments), which has a base plate and X-Y scanner 
that rest on an inverted optical fluorescence microscope (Olympus IX81 with 40X/0.60 NA object). 
Experiments were performed in closed liquid cell at temperature of ~ 29 0C in DMEM high-glucose 
medium with 10% serum buffered at pH 7.4 with 25 mM HEPES to prevent cell death in the absence 
of CO2 (Frigault et al., 2009). Cells were indented using two types of cantilever probes: (i) MSCT – 
AUHW (Bruker) cantilevers with nominal spring constant 0.03 N/m, nominal tip radius 10 - 40 nm, 
and nominal tip height 2.5-8 μm; and (ii) bead probe cantilevers (Novascan) with nominal spring 
constant 0.06 N/m and a polystyrene (PS) bead of 4.5 μm diameter. Before each experiment, 
cantilever spring constants were calibrated via the thermal fluctuations method to determine 
indentation forces. Then, a fluorescent cell was chosen for probing by AFM based on expression 
pattern; for example, expression of GFP in the nucleus without detectable GFP in the cytoplasm 
even for high exposure times. The cantilever was positioned on the top of the nucleus, and the 
nucleus was locally compressed with forces of ~10-30 nN. When the cantilever deflection reached 
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the predefined set point, the tip would dwell on the spot for a predefined time of 100 sec before the 
cantilever was retracted and detached from the cell. Simultaneous fluorescent images were 
captured every 10 or 15 sec for the entire probing cycle, including before force was applied and 
after the cantilever was retracted for several minutes. In multiple independent experiments that 
cumulated to 100’s of pokes on nuclei inside cells, mCherry-cGAS reliably ruptured in and GFP-
KU80 and YFP-NLS cells reliably ruptured out of a major fraction of nuclei (~50% per Fig.2.1A,B), 
whereas GFP-53BP1 was less reliable in some experiments for unknown reasons. In addition, 
when a cell was poked at a position other than the nucleus, plasma membrane rupture was never 
observed in terms of loss of cytoplasmic fluorescence, while poking over the nucleus rarely showed 
cytoplasmic rupture (~1%), consistent with nucleus-specific rupture. 
 
2.4.15 Collagen Films Self-assembly and AFM Imaging  
Rat-tail collagen solution (CB354249; Corning; 200 µl at 0.03 mg/ml in 50 mM glycine 
buffer, 200 mM KCl, pH 9.2) was deposited on freshly cleaved mica disks at room temperature for 
self-assembly. After 30 min, liquid was gently aspirated, and disks were transferred to Dulbecco’s 
phosphate buffered saline (DPBS). Collagen films were imaged in PBS at room temperature in 
tapping mode with NTEGRA (NT-MDT SI), with driving frequencies close to the resonance 
frequency of cantilevers with a nominal spring constant of 0.1 N/m. 
 
2.4.16 Cell Line Verification  
ATCC (American Type Culture Collection, Manassas, VA, USA) is a biological materials 
resource and standards organization with external accreditation from the International Organization 
for Standardization (ISO), and ATCC provides cell line authentication test recommendations per 
Tech Bulletin number 8 (TB-0111-00-02; year. 2010). This bulletin recommends five types of tests 
(underlined) for the authentication of cell lines. Cell morphology check by microscopy, growth curve 
analysis, and mycoplasma detection by DNA staining (for filaments or extracellular particulates) 
were conducted on all cell lines used in these studies, and all cell lines maintained the expected 
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morphology and standard growth rates with no mycoplasma detected. Two additional, ATCC-
recommended authentication tests were conducted on the A549 and U2OS cell line as they were 
used in all of the main and supplemental figures. Species verification of A549 cells as human by 
RNA sequencing detection of uniquely human sequence, by mass spectrometry detection of 
uniquely human sequence, and by antibody targeting with anti-human Abs. Identity verification from 
DNA of A549 was confirmed using SNP arrays (SNPa). DNA was isolated by using the Blood and 
Cell Culture DNA Mini Kit (QIAGEN) per the manufacturer’s instructions, and DNA samples were 
sent to The Center for Applied Genomics Core in The Children’s Hospital of Philadelphia for the 
SNPa HumanOmniExpress-24 Bead Chip Kit (Illumina), with >700,000 probes along the entire 
human genome. For each sample, the Genomics Core provided the data in the form of 
GenomeStudio files (Illumina). Chromosome copy number was analyzed in GenomeStudio with 
the cnvPartition plugin (Illumina). SNP array experiments also provide genotype data, which was 
used to give SNV data. Genotyping in this Illumina system relies on the correlation between total 
intensity and intensity ratio of the two probes, one for CG and another for AT. These correlations 
were mapped to a standard clustering file (Illumina) to give the SNP calls. Consistent with ATCC ‘s 
karyotype analysis, SNPa show the A549 cells are hypotriploid with a chromosome copy number 
of 66, including 2 copies of X and Y chromosomes and 4 copies of chromosome 17. Further 
consistent with ATCC’s descriptions of this cell line as Caucasian in origin, SNPa analyses show 
that the A549 cells are mostly European in ancestry (~90%) (Dodecad2.1 an ancestry lineage 
algorithm that has used mostly Illumina SNPa data)(Alvey et al., 2017). Similarly, U2OS cells used 
in our lab contain ~65 chromosomes by SNPa analysis, consistent with altered chromosome 
reported by ATCC, and genomic drift in terms of CNV is low during standard culture as clonality of 
U2OS cells can be maintained after single cell cloning and continuous culture for months (Irianto 
et al., 2017). 
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2.4.17 Determining Nuclear Envelope Rupture  
 The ratio of a protein’s total cytoplasmic intensity to its total nuclear intensity (i.e. Cyto./Nucl. 
ratio) in immunofluorescence images of fixed cells is determined by the abundance of that particular 
protein as well as by antibody specificity. As a result, anti-53BP1 and anti-KU80 can generate 
different Cyto./Nucl. values for non-ruptured nuclei in images. Based on confocal images of anti-
KU80, non-ruptured nuclei have a Cyto./Nucl. ratio of <0.1 (Irianto et al., 2017). To confirm this 
finding and validate the Cyto./Nucl. ratio as an indicator of rupture, we validated with the cells in 
Fig. A1E. As shown, when the Cyto./Nucl. ratio is >0.1, the nuclear intensity of KU80 is low 
compared to nearby cells, and KU80 fills the cytoplasm and becomes visible (arrows). Thus, the 
Cyto./Nucl. ratio reflects rupture-induced changes in protein localization, providing confidence in 
this ratio as a method to detect nuclear envelope rupture. To be clear, all Cyto./Nuc. Signal used 
in this study is the ratio of integrated intensity in the cytoplasm over integrated intensity in the 
nucleus. 
 
2.4.18 High, Medium, or Low Curvature  
 Constricted migration through 3µm pores causes nuclear envelope rupture in most U2OS 
cells, whereas 8µm pores cause nuclear rupture in only a small fraction of cells (Irianto et al., 2017). 
We therefore describe AFM probes <<3µm diameter to be high curvature, 3-7µm to be medium 
curvature, and >8µm to be low curvature. 
 
2.4.19 GFP-3 Rescue Experiment  
U2OS siLMNA cells were plated on rigid plastic and cultured overnight, and then 
transfected with either GFP-3 (consisting of GFP-KU70, GFP-KU80, and GFP-BRCA1) or GFP-
53BP1. A third, control sample was not transfected; we refer to these cells as non-treated (NT). 
After a 24-hour transfection period, all cells were fixed and immunostained for γH2AX, and the NT 
sample was additionally immunostained for KU80. Cytoplasmic GFP signal (or KU80 signal in the 
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NT case) was used to identify ruptured nuclei. Foci of γH2AX were counted for ruptured and non-
ruptured nuclei in all three samples. 
 
2.4.20 Determining Pole and Side Regions of Nuclei  
Image-J was used to first fit an ellipse for a certain nucleus, and then the ellipse was split 
into three regions such that the total area of the two pole regions is approximately the same as the 
midbody region. For ruptured nuclei, the lamin-A disruption on the nuclear envelope resided in 
either a pole region or the side, midbody region. 
 
2.4.21 Circularity, Curvature, & Ellipse Theory  
Circularity describes how the shape varies from a circle. It is a property of the entire shape 
and is dimensionless (i.e. it does not depend on the size of the shape). 
C =
4𝜋𝐴
𝑃2
      (1) 
where A is the area and P is the perimeter. 
Curvature can vary around the boundary of a shape and has dimensions of 1/length. 
κ =
1
𝑅
      (2) 
where R is the radius of curvature at any given point on the curve. In order to compare variation in 
curvature and dimensionless circularity, we will use the curvature of a circle with the same area to 
normalize variation in curvature.  
Let’s restrict our considerations to ellipses. We define an ellipse parametrically as 
x(t) = a ∗ cos(t), y(t) = b ∗ sin(t)      (3) 
where a is the semi-major axis and b is the semi-minor axis. 
Circularity of an ellipse  
The area of an ellipse is 
𝐴𝑒𝑙𝑙𝑖𝑝𝑠𝑒 = 𝜋𝑎𝑏      (4) 
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and the perimeter of an ellipse is given by an elliptic integral 
𝑃𝑒𝑙𝑙𝑖𝑝𝑠𝑒 = ∫ 𝑑𝑡√𝑎
2𝑠𝑖𝑛2𝑡 + 𝑏2𝑐𝑜𝑠2𝑡
2𝜋
0
      (5) 
Ramanujan’s approximation to the perimeter is 
𝑃𝑅𝑎𝑚 = π(a + b) (1 +
3𝜆
10 + √4 − 3𝜆
) , 𝜆 =
(1 −
𝑏
𝑎
)2
(1 +
𝑏
𝑎
)2
      (6) 
so the circularity of an ellipse can be approximated as 
𝐶𝑒𝑙𝑙𝑖𝑝𝑠𝑒 ≈
4𝑎𝑏
(𝑎 + 𝑏)2 (1 +
3𝜆
10 + √4 − 3𝜆
)
2       (7) 
or in terms of the ratio of the minor and major semi-axes, r = a/b, 
𝐶𝑒𝑙𝑙𝑖𝑝𝑠𝑒 ≈
4𝑎𝑏
(𝑟 + 2 +
1
𝑟
)
2
(1 +
3𝜆
10 + √4 − 3𝜆
)
2  , 𝜆 =
(1 −
1
𝑟
)
2
(1 +
1
𝑟
)
2       (8) 
Curvature of an ellipse  
The curvature of an ellipse defined by Eq. (3) is 
κ𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
𝑎𝑏
(𝑎2𝑠𝑖𝑛2𝑡 + 𝑏2𝑐𝑜𝑠2𝑡)3/2
      (9) 
The maximum curvature is 
κ𝑚𝑎𝑥 =
𝑎
𝑏2
 (10) 
 (where we have assumed without loss of generality that a > b > 0). The curvature of a circle with 
the same area as the ellipse defined by Eq. (3) is 
κ𝑐𝑖𝑟𝑐𝑙𝑒 =
1
√𝑎𝑏
     (11) 
Let’s use κnorm = (κmax)/κcircle as a normalized measure of the range in curvature. In terms of r = b/a, 
we have 
κ𝑛𝑜𝑟𝑚 = r
3
2     (12) 
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2.4.22 Measured Normalized Maximum Curvature 
Image-J was used to mark the contour of a nucleus, and then we drew a circle of radius R 
to be tangent to the pole of the nucleus with highest curvature. This gives the maximum curvature,  
κ =
1
𝑅
 
and a few nuclei (n>3) were also analyzed using the Image-J plug-in “kappa curvature analysis” to 
confirm consistency with our fitted circle approach. We normalize by  κ𝑐𝑖𝑟𝑐𝑙𝑒 =
1
R
= 1/√𝐴/𝜋, where r is 
the radius of the circle with the same area as the nucleus, and A is the area of the nucleus  
measured by Image-J.  Thus,  
κ𝑛𝑜𝑟𝑚 = κ/κ𝑐𝑖𝑟𝑐𝑙𝑒 
 
2.4.23 Statistical Analyses  
All statistical analyses were performed using Microsoft Excel 2013. Unless otherwise 
noted, statistical comparisons were made by unpaired two-tailed Student t-test and were 
considered significant if p < 0.05. Unless mentioned, all plots show mean ± S.E.M. “n” indicates the 
number of samples, cells, or wells quantified in each experiment. Figure legends specify the exact 
meaning of “n” for each figure (Cumming et al., 2007). For figures presenting pooled data (Fig2.5E), 
all numbers are normalized to Ctl cells which do not show variations across experiments, followed 
by unpaired two-tailed Student t-test. 
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Figure 2.1. High-curvature probes rapidly rupture nuclei without disrupting plasma 
membrane. 
(A) Probing nuclei in living WT U2OS cells at constant force (~10-20 nN) with medium curvature 
beads (diam. = 4.5 µm) shows no YFP-NLS mis-localization (inverse grayscale), whereas lamin-A 
knockdown (siLMNA) causes frequent mis-localization (bar graph).  
(B) High curvature tips (diam. < 0.1 µm) rupture WT nuclei, based on mis-localization of YFP-NLS 
or GFP-53BP1 into cytoplasm within minutes (10/15 ruptured for GFP-53BP1 and 4/6 ruptured for 
YFP-NLS). Intensity profiles show decreased nuclear signal and higher cytoplasmic signal. Inset: 
Cytoplasmic GFP accumulates even after probe tip is removed.  
(C) Varies DNA repair proteins may be affect when nuclear envelope ruptures. 
(D) DNA binding protein cGAS (dark gray) enters nucleus under a high curvature tip. 
(E) DNA repair factor GFP-KU80 mis-localizes to cytoplasm simultaneously with cGAS 
accumulation under probe tip. Total “GFP and mCherry in cell” (bottom numbers) remain constant 
during entire expt, indicating plasma membrane integrity. 
(F) A gap in nuclear envelope GFP-LBR coincides spatiotemporally with cGAS accumulation under 
a probe tip, indicating nuclear envelope rupture. 
Scale bars for A-F, 10μm. All data are present as mean±s.e.m. 
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Figure 2.2. Aligned collagen fiber film promotes nuclear curvature and DNA repair factor 
mis-localization. 
(A) AFM image of long-range alignment of collagen fibrils. Scale bar = 1µm. 
(B) Both immunofluorescence and AFM probing confirm cells elongate only along the collagen 
fibers. 
(C) Immunofluorescent image and quantitation of DNA repair factor KU70 in fixed cells after 6h 
seeding. Ruptured nuclei (arrow in image) show high Cyto/Nucl intensity ratio (plot) and are more 
elongated than non-ruptured nuclei (low Cyto/Nucl) at 6 h and 12 h. n > 15 cells per point in 3 expts 
analyzing >100 cells per expt. *p<0.05. 
(D) As nuclear AR increases, Norm. Max Curv. increases and Circularity decreases. Our model 
predicts the trend. n=46. 
(E) In non-ruptured nuclei, cGAS is cytoplasmic, but cGAS enriches at high curvature sites of 
ruptured nuclei, as validated by higher Cyto/Nucl GFP-KU70 (bar graph). n > 10 cells, *p<0.05. 
Scale bars for B,C&E, 10μm. All data are present as mean±s.e.m. 
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Figure 2.3. Excess DNA damage in cells correlates with mis-localized DNA repair factors. 
(A) (i) Ruptured A549 shLMNA nuclei show high cytoplasmic KU80 by immunofluorescence; the 
lamina is focally enriched in lamin-A (arrow) and depleted in lamin-B. (ii) 92% of rupture events 
occur at poles of nuclei where curvature is high. Cartoon shows 2-dimensional curvature in cells. 
(iii) Ruptured nuclei have lower circularity, indicating high curvature. Overall nuclear area is the 
same. n >150 cells in 3 expts, *p<0.05.  
(B) Lamin-A knockdown increases fraction of cells with mis-localized cytoplasmic KU80 and excess 
DNA damage as indicated by γH2AX foci. GFP-LMNA rescues both effects. γH2AX foci in nuclei 
of shLMNA cells are not enriched near lamina rupture sites (arrows). n > 150 cells in 3 expts, 
*p<0.05.  
(C) For shLMNA cells, ruptured nuclei with higher Cyto/Nucl KU80 have higher γH2AX foci count 
compared to non-ruptured ones with low Cyto/Nucl KU80. Ctl and GFP-LMNA rescued cells rarely 
rupture and show low Cyto/Nucl KU80 and low γH2AX foci counts. n >150 cells in 3 expts, *p<0.05. 
(D) Time lapse imaging: mis-localized cytoplasmic GFP-53BP1 recovers over hours into nuclei. 
Shape fluctuations of U2OS siLMNA nuclei create high curvature regions (arrow) prior to 2nd GFP-
53BP1 mis-localization. Cyto./Nucl. GFP is plotted over time (n=5 cells). Right plots: nuclear 
circularity and area over time. High curvature occurs <1h before rupture.  
Scale bars for A,B&D, 10μm. All data are present as mean±s.e.m. 
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Figure 2.4. Co-overexpression of multiple DNA repair factors, soft ECM and myosin-II 
inhibition rescue rupture-induced DNA damage in low lamin-A cells. 
(A) siLMNA-U2OS were fixed after 24 h of DNA repair factors transfection and immunostained for 
γH2AX. Non-transfected (NT) sample was also stained for KU80. Cytoplasmic mis-localization of 
the GFP or KU80 identifies ruptured nuclei. Bar graph: co-transfection of DNA repair factors KU70, 
KU80 and BRCA1 (GFP-3) rescues excess DNA damage in ruptured nuclei, whereas ruptured 
nuclei with GFP-53BP1 (and NT) maintain excess DNA damage. Non-ruptured cells always show 
a basal level of DNA damage. n = 30-100 cells per condition in 3 expts, *p<0.05.   
(B) Excess DNA damage and loss of repair factors in A549 shLMNA nuclei is suppressed by 
culturing on softer gels (3 or 0.3 kPa), whereas Ctl cells are unaffected. Below: Culturing A549 
shLMNA cells on soft gels (0.3 kPa) lead to less stress fibers assembly, in conjunction with rounder 
and smaller nuclei. n > 100 cells per condition in 3 expts, *p<0.05.  
(C) Nuclear envelope rupture and excess DNA damage (γH2AX foci counts and comet assay) in 
A549 shLMNA cells cultured on rigid plastic are reduced to Ctl levels after myosin-II inhibition by 
blebbistatin, while Ctl cells are unaffected. n > 100 cells per condition in 3 expts, *p<0.05. Scale 
bars for A,B&C, 10μm. All data are present as mean±s.e.m. 
 
 
 
 
48 
 
 
 
 
 
 
49 
 
Figure 2.5. Solid tumors: low lamin-A cells show higher curvature nuclei, with increased 
KU80 mis-localization and DNA damage. 
(A) A549 Ctl and shLMNA sub-cutaneous xenografts in NSG mice are monitored by td-Tomato 
fluorescence. Scale bar = 1cm. 
(B) Confocal images of A549 Ctl and shLMNA tumors. Red arrow: Cytoplasmic KU80. White arrow: 
Mouse nucleus with chromocenters. 
(C) Intensity profile of a region of interest in (B) shows cytoplasmic mis-localization of KU80.  
(D) (Top) Cyto/Nucl KU80 is higher in A549 shLMNA tumors versus Ctl tumors. DNA stain sets 
baseline for cytoplasm. (Middle) Cyto/Nucl mis-localization in tumors compare well to 2D cultures. 
(Bottom) Nuclear circularity in shLMNA cells is lower than Ctl, while nuclear areas are similar. n = 
10 images per tumor from 3 tumors per group, n >100 cells for circularity and area, *p<0.05. 
(E) Electrophoretic comet assay shows higher DNA damage level in shLMNA tumors compared to 
(i) Ctl tumors and (ii) in vitro shLMNA cultures treated with blebbistatin but lower than ones treated 
with DMSO (data from Fig.4C). In vitro data is normalized to A549 Ctl cells treated with DMSO. n 
= 5 tumors, *p<0.05. 
Scale bars for B&C, 10µm. All data are present as mean±s.e.m. 
(F) Schematic of processes and factors that affect nuclear envelope rupture and excess DNA 
damage. 
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CHAPTER 3  
 
Rescue of DNA damage after constricted migration 
reveals a mechano-regulated threshold for cell cycle 
 
The work presented in this Chapter has been recently accepted by Journal of Cell Biology and 
will appear online soon (Xia et al., 2019). 
 
The micropipette experiments and some migration experiments were performed by Charlotte R. 
Pfeifer.  
Some clonal monitoring was done by Mai Wang.  
Dr. Jerome Irianto performed the SNP array and corresponding analysis. 
Dr. Cory M. Alvey conducted the mice injection. 
Dr. Lucas R. Smith and Kuangzheng Zhu contributed to some of the ideas and experiments.  
Dr. Larry L. Dooling contributed to pore etching protocol.  
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Abstract 
 
Migration through 3D-constrictions can cause nuclear rupture and mis-localization of nuclear 
proteins, but damage to DNA remains uncertain as does any effect on cell cycle. Here, myosin-II 
inhibition rescues rupture and partially rescues the DNA damage marker γH2AX, but an apparent 
block in cell cycle appears unaffected. Co-overexpression of multiple DNA repair factors or 
antioxidant inhibition of break formation also exert partial effects, independent of rupture. Combined 
treatments completely rescue cell cycle suppression by DNA damage, revealing a sigmoidal 
dependence of cell cycle on excess DNA damage. Migration through custom-etched pores yields the 
same damage threshold, with ~4µm pores causing intermediate levels of both damage and cell cycle 
suppression. High curvature that is rapidly imposed by pores, probes, or small micronuclei, 
consistently associates nuclear rupture with dilution of lamin-B, loss of repair factors, and entry from 
cytoplasm of chromatin-binding cGAS (cyclic-GMP-AMP-synthase). The cell cycle block caused by 
constricted migration is nonetheless reversible, with a potential for DNA mis-repair and genome 
variation. 
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3.1 Introduction 
 “Go-or-grow” posits cell migration and cell cycle are mutually exclusive in space and time 
(Garay et al., 2013; Giese et al., 1996). Some go-or-grow mechanisms in 3D are now being 
modeled with Transwell pores (Beadle et al., 2008; Harada et al., 2014; Wolf et al., 2013), and for 
large pores, migration from contact-inhibited monolayers on ‘top’ into sparse microenvironments 
on ‘bottom’ promotes cell cycle re-entry and growth, whereas small constricting pores seem overall 
disruptive (Fig.3.1A). Constricted migration causes nuclear lamina breaks (Harada et al., 2014), 
nuclear rupture (Denais et al., 2016; Irianto et al., 2017; Raab et al., 2016), and excess DNA 
damage based on immunostained foci of γH2AX (i.e. phospho-Histone-2AX) (Irianto et al., 2017; 
Pfeifer et al., 2018). However, at least one DNA damage marker (53BP1) shows no increase when 
immunostained (Irianto et al., 2017; Pfeifer et al., 2018), suggesting that puncta of overexpressed 
GFP-53BP1 in live-cell imaging (Denais et al., 2016; Raab et al., 2016) are not indicative of damage 
(Belin et al., 2015) and instead reflect segregation of mobile nuclear proteins into chromatin-poor 
pockets  (Irianto et al., 2016b). Accurate imaging of DNA damage sites is indeed non-trivial (Britton 
et al., 2013), and γH2AX foci counts after constricted migration appear to increase only ~50% 
across cell cycle stages, even when blocking cell cycle (Pfeifer et al., 2018). On the other hand, 
cell cycle checkpoints for DNA damage (Houtgraaf et al., 2006) could in principle be activated 
reversibly by constricted migration and thereby shed light on 3D mechanisms of go-or-grow.  
 Migration through commercially available constricting pores (3µm diam.) but not large 
pores (8µm) is driven by myosin-II, with glioblastoma cells using upregulated myosin-II to push or 
pull their nuclei through brain slices and small pores (Beadle et al., 2008; Ivkovic et al., 2012). 
Myosin-II is used in other cell types to pull the nucleus as a “piston” through porous extracellular 
matrix pores (Petrie et al., 2014). Inhibition of myosin-II slows invasion through small circular pores 
or rectangular channels (Harada et al., 2014; Thiam et al., 2016; Thomas et al., 2015), but activation 
can also impede invasion (Surcel et al., 2015). Effects of myosin-II on nuclear rupture and DNA 
integrity remain equally unclear, but actomyosin tension on the front of the nucleus might explain 
rupture and bleb formation at the high curvature leading tip of a squeezed nucleus. Transwells 
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allow drugs such as a myosin-II inhibitor to be added to one side or the other and thereby address 
mechanisms of nuclear pushing or pulling, and transwells can also be etched to fine-tune the fit of 
the nucleus in the pore (Fig.3.1A) in order to determine curvature-related mechanisms of nuclear 
rupture and its effects. Such mechanisms in myosin-II driven migration of cells can in principle also 
be compared to results from aspiration of a nucleus into a micropipette of the same geometry, but 
with the advantage that the nucleus responds to a well-defined aspiration stress independent of 
actomyosin.  
Nuclear rupture and excess γH2AX has been reported for hyper-contractile cancer cells in 
standard culture conditions (Takaki et al., 2017) and for cardiac cells in intact embryonic hearts that 
were subject to a sudden increase in contractility (Cho et al., 2019b). Sources of damage remain 
unclear but cytoplasmic nucleases have been speculated to enter nuclei that rupture during 
constricted migration (Denais et al., 2016; Raab et al., 2016). Although ‘blebs’ of chromatin that 
form at rupture sites show no excess γH2AX (Irianto et al., 2017), cGAS (cyclic-GMP-AMP-
synthase) that enters from cytoplasm might bind γH2AX and inhibit repair in the bleb (Liu et al., 
2018a) – which highlights once again the non-trivial task of measuring DNA damage. DNA repair 
factors clearly mis-localize to cytoplasm based on immunostaining as well as live-imaging of GFP 
constructs (Xia et al., 2018b), but it remains uncertain whether any DNA damage relates to nuclear 
depletion of such factors or to nuclear entry of other factors.  Similar questions apply to micronuclei 
that form in mitosis with mis-segregated chromosomes (independent of actomyosin) and that 
somehow exhibit DNA damage as well as depletion of lamin-B and DNA repair factors (Hatch et 
al., 2013; Liu et al., 2018b). We ultimately address whether such dysregulation varies with nuclear 
curvature in light of pore diameter effects in constricted migration, but we begin with molecular 
rescue approaches to the go-or-grow hypothesis. 
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3.2 Results 
3.2.1 Myosin-II inhibition rescues nuclear envelope rupture and some DNA 
damage  
As a cell forces its nucleus through a highly constricting pore (3μm diam., ~10μm length), 
distortions last for hours and a nuclear bleb forms early near the highly curved leading edge (Fig. 
3.1B). Such blebs are consistent with observations of nuclear lamina rupture in constricted 
migration that is either driven by a serum gradient (Denais et al., 2016; Harada et al., 2014; Irianto 
et al., 2017; Raab et al., 2016) or proceeds – as here – in the absence of any serum gradient 
(Denais et al., 2016; Harada et al., 2014; Irianto et al., 2017; Raab et al., 2016). Blebs are 
detectable in a large fraction of nuclei (~50%) even after the 24 hrs of migration, and blebs remain 
low in lamin-B (Fig.3.1C-i) but accumulate lamin-A regardless of lamin-A’s phosphorylation state 
(real-time imaging, Fig.1B; or immunostained protein, Fig.B1A,B). Importantly, inhibition of myosin-
II with blebbistatin eliminates nuclear blebs while decreasing migration rate (Fig.3.1C-ii). 
Blebbistatin also causes nuclei to be more rounded and slightly less spread, consistent with its 
effects on many cell types adhering to rigid 2D substrates (Khatau et al., 2009).  
On rigid substrates in 2D, the MTOC is generally in front of a migrating nucleus and sets 
the direction for migration (Gomes et al., 2005; Raab and Discher, 2017). However, constricting 
pores set the direction of 3D migration, and the MTOC is seen to often lag the nucleus (Fig.B1C). 
In 3D migration, actin-rich protrusions lead the way and are followed by myosin-II assemblies 
(Mogilner and Odde, 2011), and consistent with this, inhibition of myosin-II only on the bottom of a 
Transwell proves sufficient to suppress migration rate as well as nuclear rupture (Fig.3.1C-ii; 
Fig.B1D-i). Little effect is seen with drug only on top, consistent with minimal diffusion of drug 
through pores (Fig.B1D-i,ii). The results thus suggest myosin-II pulls a nucleus through a small 
pore and ruptures the front of a nucleus that spreads as the emerging cell does (Fig.3.1C-ii). 
Myosin-II inhibition eliminates mis-localization of nuclear factors into the cytoplasm, such 
as DNA repair factors KU70 and KU80 (as a GFP construct or endogenous protein, respectively; 
Fig.3.1D, B1E). Mis-localization coincides with entry into nuclear blebs of cytoplasmic DNA-binding 
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protein mCherry-cGAS (Fig.3.1D), and of course blebbistatin blocks such cGAS entry. Large pores 
(8μm diam.) still require large distortions of nuclei but do not cause mis-localization of nuclear 
factors (Fig.3.1D-bargraph). DNA repair factors help maintain DNA damage at low steady state 
levels which is important because elevated levels of damage can block cell cycle (Fig.3.1E) 
(Sancar et al., 2004). 
Foci of γH2AX in fixed and immunostained nuclei accumulate throughout the nucleoplasm 
after constricted migration, but myosin-II inhibition largely suppresses excess foci (Fig.3.1F-
bargraph, B1F). Nuclear blebs, which are low in lamin-B, rarely exhibit excess foci, which seems 
to spatially decouple mechanisms of nuclear lamina rupture from mechanisms of excess DNA 
damage. Furthermore, large pores do not affect the basal level of γH2AX foci, just as they had no 
effect on rupture (Fig.3.1D). Despite the clear effects of blebbistatin, a persistent excess of DNA 
damage even within a non-ruptured, myosin-II inhibited nucleus is consistent with segregation of 
nuclear factors away from chromatin in constricted migration (Bennett et al., 2017; Irianto et al., 
2016b). Nonetheless, functional evidence of DNA damage and its rescue would certainly add 
confidence to such conclusions from image analysis.  
Cell cycle progression, measured as %cells with duplicated genomes (i.e. 4N rather than 
2N; Fig.B1G), increases after cells migrate through 8µm pores from the transwell top where the 
crowded cells are contact inhibited (Fig.3.1G). In contrast and regardless of myosin-II inhibition, a 
decrease in %4N is observed after cells migrate through 3µm pores with no mitotic cells detected 
in fixed samples (Fig.3.1G). Live cell imaging further showed no obvious detachment (or death) of 
any cells, and dividing cells are seen only on 8µm bottom (Fig.B1H). Importantly, blebbistatin does 
not affect the %2N cells on top of a transwell or on bottom (for both 3µm and 8µm pores; ‘n.s.’ in 
Fig.3.1G), and it has no effect on %2N cells in 2D culture (Fig.B1G-bottom). Blebbistatin’s partial 
rescue of DNA damage therefore does not affect cell cycle suppression caused by constricted 
migration. 
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3.2.2 Overexpressed DNA repair factors or added antioxidant rescues 
some DNA damage  
Mis-localization of DNA repair factors to cytoplasm lasts hours after nuclear envelope 
rupture, based on imaging of GFP constructs in live cells on rigid substrates (Xia et al., 2018b). 
Intensity ratios for (Nuclear/Cytoplasm) of multiple repair factors in cells fixed and immunostained 
indeed remain low after migration (24 hr assay) through constricting pores relative to large pores 
and also relative to cells that have not migrated (Fig.3.2A,B). A much smaller YFP-NLS construct 
shows a Nuclear/Cytoplasm intensity that is only slightly low (Fig. 3.2B), consistent with 
comparatively rapid nuclear re-entry of such constructs (Raab et al., 2016). We hypothesized that 
some migration-induced DNA damage could be rescued by overexpression of DNA repair factors 
because partial knockdown of some DNA repair factors (KU80, BRCA1, etc.) but not others 
(53BP1) increases DNA damage, and such damage seems additive (Irianto et al., 2017). Indeed, 
simultaneous co-overexpression of KU70, KU80, and BRCA1 (as GFP constructs, Fig.B2A) 
partially rescued the migration-induced DNA damage whereas overexpression of the individual 
factors as well as GFP-53BP1 showed no significant effects (Fig.3.2C). Nuclear blebs were still 
apparent, suggesting that the elevated nuclear levels of multiple key factors facilitated the repair. 
However, a cell cycle defect in terms of 4N suppression is still seen after 3µm pore migration (Fig. 
3.2D).  
Neither myosin-II inhibition nor repair factor overexpression rescued the cell cycle block, 
and so we hypothesized the source of DNA damage could be key to revealing a sigmoidal 
relationship between cell cycle and DNA damage (Fig.3.2E). Free radicals and other oxidants can 
permeate membranes and cause DNA damage (Fig.3.3A) (Imlay et al., 1988; Kryston et al., 2011; 
Mahaseth and Kuzminov, 2016; Mello Filho et al., 1984), and even a 0.5-hr exposure to H2O2 
increases γH2AX foci counts and DNA damage in single cell electrophoretic ‘comet’ assays 
(exhibiting similar ~3-4 fold increases in Fig.B2B-i,ii). Such results complement evidence of DNA 
oxidation (Fig.B2C). Excess repair factors can also reduce H2O2-induced DNA damage in 2D 
culture (Fig.B2D). After constricted migration, nuclear oxidative stress is ~30% higher based on 
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labeling by a redox dye (Fig.3.3A). We therefore added a membrane-permeable antioxidant, 
glutathione, as a reduced monoethyl-ester (GSH-MEE, denoted ‘GSH’) that reduces H2O2-induced 
DNA damage in 2D cultures (Fig.3.3A, S2B-right); GSH-MEE has likewise been shown to reduce 
oxidative stress and genomic instability in pluripotent stem cells in 2D cultures (Skamagki et al., 
2017). Partial rescue of DNA damage by GSH-MEE does not affect migrated cell numbers or 
nuclear blebs (Fig.3.3B,C). The cell cycle block persists with antioxidant (Fig.3.3D), which is again 
consistent with only a partial rescue of DNA damage.  
Complete rescue of both the cell cycle block after constricted migration (Fig.3.3D) and the 
DNA damage (Fig.3.3B) is achieved by combining antioxidant with myosin-II inhibition. Single cell 
electrophoretic comet assays (in both alkaline and neutral conditions) confirm DNA damage is 
higher after constricted migraton (Fig.B2E), and the ~2-fold increases in apparent mobility 
approximate the increases in γH2AX foci counts measured after constricted migration (from ~13 
on top to ~25 foci on bottom for Ctl in Fig.3.3B) and are also consistent with past measurements 
(Irianto et al., 2017 showed an increase from ~14 to 25 A.U. under alkaline conditions). Importantly, 
only the excess damage on bottom is rescued by GSH+MYO-i, while a basal level of apparent 
damage remains. 
Myosin-II inhibition suppresses migration and nuclear bleb formation regardless of 
antioxidant (compare Fig.3.3C to Fig.3.1C-ii). Adding the combination of blebbistatin and 
antioxidant only to the bottom of the Transwell is sufficient to suppress all of the cell cycle defect in 
addition to most of the excess γH2AX foci (blue bars in Fig.3.3B,D). The results suggest antioxidant 
prevents the DNA damage that otherwise persists after myosin-II inhibition (Fig.3.1F,G). Similarly, 
the combination of antioxidant and KUsBR repair factors also rescued the excess DNA damage 
and cell cycle (green bars in Fig. 3.3B,D), suggesting the excess oxidative DNA damage can be 
repaired unless DNA repair factors are partially lost from the nucleus. The results collectively 
indicate that cell cycle progression exhibits a threshold in the excess DNA damage caused by 
constricted migration (Fig.3.3E).  
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3.2.3 Cell cycle threshold versus DNA damage:  dependence on pore size 
 
To assess the possible generality of a strongly sigmoidal relationship between cell cycle 
and DNA damage in migration through pores, we needed to make transwell pores with a wide 
range of diameters. Unlike small pores (3µm) studied above, migration through large pores (8µm) 
promotes cell cycle re-entry and has no effect on basal γH2AX foci counts (Fig.3.1F&G)  (Pfeifer 
et al., 2018). Transwells with 2.2µm diameter pores were made from commercially available 1µm 
pores by adding NaOH to etch the polyester (similarly for 4 & 5µm pores from 3µm pores 
(Fig.B2F)). After extensive washing, cells are added to the top of the custom-made transwells as 
in all studies above, and after 24 hrs, γH2AX foci are counted and cell cycle phases are measured. 
A pore diameter of ~4µm is the critical pore size:  relative to cells on top and relative to large pores, 
migrated cells show excess DNA damage and a slight suppression in cell cycle, whereas smaller 
pores (2.2 to  3µm) cause an increasing excess in DNA damage and a deep but constant defect in 
cell cycle progression (Fig.3.3E).  The combined data is step-like, based on simple statistical tests 
(Fig.B2G-i), and is fit better by a strongly sigmoidal function compared to a line (Fig.B2G-ii).  A 
high cooperativity exponent, m >> 1, typically indicates many interactions upstream (such as in 
macromolecular γH2AX foci) that amplify signals to downstream regulators.  
 
 
3.2.4 High curvature (at high rates) drives nuclear envelope rupture   
 
Given the dependence of DNA damage—and thus cell cycle suppression—on transwell 
pore size, we next quantified the pore size dependence of nuclear envelope rupture (Fig. 3.1C,D; 
Fig. 3.2A) in transwell migration and then in micropipette aspiration. We hypothesized that 
controlled rates of aspiration into micropipettes could ultimately explain the linear dependence 
observed between bleb formation (nuclear rupture) and migration rate achieved with blebbistatin 
59 
 
(Fig.3.1C-ii). U2OS cell migration through custom-etched transwells indeed quantifies the 
frequency of nuclear blebs at the end of a 24hr migration period (which tend to be cGAS+, per 
Fig.3.1D) as a sigmoidal function of pore curvature calculated as the inverse of pore diameter (Fig. 
3.4A, blue curve). Smaller pores impose greater curvature on migrating cells and cause higher 
rates of nuclear envelope rupture. To assess on time scales of minutes whether such rupture 
reflects the intrinsic limits of nuclear strength or stability, micropipette aspiration was applied to 
detached, latrunculin-treated U2OS cells using micropipettes of varying diameter Dp and a wide 
range of pressures (Fig. 3.4A, red curve). Monitoring of nuclear cGAS entry—an indicator of nuclear 
envelope rupture—reveals again a sigmoidal relationship between rupture frequency and curvature 
(Fig. 3.4A, red curve). Surprisingly, some of the highest calculated tensions (~aspiration pressure 
× radius) do not consistently rupture nuclei whereas rupture frequency correlates best with 
curvature and with pressure (Fig. B3A-D). The curvature dependence fits a statistical physics 
model of a single filament attached to or detached from a curved surface, and conforms also to a 
continuum model of lamina bending with a curvature^4 dependence for lamina dilution (Pfeifer et 
al., 2018). 
Lamin-B dilution on blebs after Transwell migration indeed increases with pore curvature 
(Fig. 3.4B); the size of the major bleb increases and most dramatically versus dilution at a pore 
size of 3-5 m (ignoring second blebs and bleb-less ‘scars’ of disrupted lamin-B). The 3-5 m size 
range corresponds well with the curvature-dependent peak for rupture (Fig.3.4A-inset). Dilution at 
the tip of the aspirated nucleus was similarly quantified with GFP-lamin-B1 (Fig.3.4C,D) and with 
the nuclear pore factor GFP-NUP153 (Fig. B3E), and both tend to dilute more at higher curvature. 
Lamin-B1 dilution clearly correlates spatiotemporally with loss of nuclear envelope integrity, based 
on accumulation of mCherry-cGAS at the aspirated tip. High curvature thus favors lamin-B1 
disruption and nuclear rupture in both Transwell pores and micropipettes. 
For every aspirated cell, the extension of the nucleus into the pipette was measured at an 
early time point (t = 15 sec out of a total aspiration time of ~5 min). Across all pipette diameters, 
low extension leads to minimal lamin-B1 dilution (Fig.3.4E-I, B3F). In small pipettes (2-4 m), 
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lamin-B1 dilution increases sharply with extension and extension rate, whereas in large pipettes (6, 
8 µm diameter), lamin-B1 dilution remains low (Fig. 3.4E-i) except at very high extension rates 
(Fig.B3F-ii). To assess whether nuclear extension or nuclear extension rate determine nuclear 
rupture, data for the critical pipette size Dp = 4m was plotted separately for ‘Rupture’ (high 
pressure) or ‘No rupture’ (low pressure) at an initial timepoint and at 10 m extension - which 
corresponds to the thickness of a transwell (Fig.3.4E-ii). Rupture clearly associates with larger 
lamin-B dilution and higher extension rates. Importantly, the lack of rupture at low rates of aspiration 
can explain why myosin-II inhibition in constricted migration through similar size pores, which 
dramatically reduces migration rate, also effectively eliminates nuclear envelope rupture (Fig.3.1D; 
Fig.B1E).  
Lamin-B filaments have high affinity for nuclear envelope (because of farnesylation and 
lamin-B receptor, LBR) but are stiff based on persistence length measurements of ~0.5m or larger 
for lamins in mouse cells (Turgay et al., 2017). Such filaments will tend to dissociate from a nuclear 
envelope of high Gaussian curvature. We hypothesize that Lamin-B filaments are therefore 
depleted from high-curvature regions but stably interact with low-curvature regions (Fig.3.4F). This 
physical picture applies to the leading tip of the nucleus pulled passively into pipettes or during cell 
migration through transwell pores of varying diameter. This physical picture is also modeled in the 
fit to both types of data (Fig.3.4A). Although the noted rate effects are possibly attributable to Lamin-
A (see Discussion), the model could generally apply to curved membranes, including micronuclei. 
 
 
3.2.5 Micronuclei of high curvature also show: high cGAS, low lamin-B 
and KU80 
 
Nuclear blebs generated in constricted migration of interphase cells through various pore 
sizes (Fig.3.4B) resemble micronuclei generated in cell division (Fig.3.5A), and we noticed that 
micronuclei generated in cell division also vary in size and curvature. We hypothesized that such a 
variation could provide an alternative approach to studies of nuclear envelope curvature effects. 
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Micronuclei in 2D culture are in particular known to be γH2AX+ and to lack lamin-B, independent 
of cytoskeleton (Harding et al., 2017; Hatch et al., 2013; Liu et al., 2018b), and DNA-stained 
micronuclei (Fig.3.5A) that are most visible within sparsely spread cells on a Transwell bottom tend 
to be cGAS+ and γH2AX+ when lacking in lamin-B (Fig.3.5B-i). Micronuclei also tend to be small 
(<3m) but are sometimes large (>3m) (Fig.3.5B-ii). Small, high curvature micronuclei further 
lack KU70/KU80 repair factors in addition to being cGAS+ and Lamin-B deficient (Fig.3.5C).  
Importantly, micronuclei can clearly be double-positive as (cGAS+, γH2AX+) (Fig.5A), and 
so our observations that nuclear blebs are not double-positive (Fig.3.5A) are unlikely to relate to 
inhibition of repair by cGAS (Liu et al., 2018a). Another notable difference is that antioxidant fails 
to affect DNA damage in micronuclei (Fig.B4A-i). Nonetheless, many structural similarities are 
evident between small micronuclei, micropipette-induced rupture, and nuclear blebs after 
constricted migration (Fig.3.5D), including depletion of nuclear pores (Fig.B4A-ii) (Hatch et al., 
2013; Liu et al., 2018b). Given the fact that lamin-B filaments are stiff (with a persistence length of 
~0.5m or larger (Turgay et al., 2017)) and have high affinity for nuclear envelope suggests once 
again that high curvature membranes oppose stable assembly of lamin-B (Fig.3.4F) – even though 
defects in other processes including nuclear import/export are also likely important. 
 
 
3.2.6 Alternatives: TREX1 nuclease does not enter nor affect DNA damage 
or cell cycle 
 
Other pathways and factors could of course affect DNA damage as well as cell cycle. Entry 
of cytoplasmic factors into a ruptured nucleus has been speculated to include nucleases (Denais 
et al., 2016; Raab et al., 2016) and certainly includes cGAS as cited. TREX1 exonuclease and 
cytoplasmic DNA-binding protein cGAS (MB21D1 gene) are both expressed in U2OS cells 
(Fig.B4B). TREX1 is a single-exon, transmembrane protein normally in the endoplasmic reticulum 
with a cytoplasmic-facing exonuclease domain; knockout mice do not exhibit excessive DNA 
damage, increased mutations, or cancer but do exhibit auto-immune inflammation (especially in 
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heart) that relates to cGAS activation (Maciejowski et al., 2015; Morita et al., 2004; Rice et al., 
2015; Yan, 2017). Over-expressed GFP-TREX1 or an inactive mutant (D18N-TREX1) shows some 
accumulation on nuclear blebs but no nucleoplasmic localization, nor differences in DNA damage 
on the bleb or in the nucleus before and after constricted migration (Fig.3.6A). Cell cycle defects 
are also unaffected (Fig.3.6B). Endogenous cGAS likewise accumulates in the bleb (Fig.B4C; 
compare also to mCherry-cGAS Fig.3.1D) and shows no obvious co-localization with γH2AX 
(Fig.B4C) despite recent suggestions from laser-induced nuclear damage (Liu et al., 2018a). The 
bleb also immunostains for acetyl-Histone-H3 (Fig.B4D), which is a likely marker of euchromatin 
(Bannister and Kouzarides, 2011) and could relate to the restricted binding of cGAS to the bleb. 
Nuclear loss of the transcriptional co-activator YAP1 (Fig.B4E) is also consistent with epigenetic 
changes and could directly affect cell cycle (Dong et al., 2007) as well as the DNA damage 
response (Strano et al., 2005). 
 
3.2.7 Cell cycle defect after constricted migration: reversible and possibly 
mutagenic 
 
A cell cycle block caused by DNA damage could be irreversible, leading to cell senescence 
or death. Conversely, an irreversible excess of γH2AX is also evident in apoptosis (Lu et al., 2006) 
and constricted migration can cause apoptosis (Harada et al., 2014).  On the other hand, a cell 
cycle block could be reversible, with either proper repair of the damage or else mis-repair. We 
observe that the total number of cells (top plus bottom) are nearly constant after 24h of constricted 
migration, even though the initial wave of cells requires only a few hours to cross a transwell. Also, 
we do not observe floating cells that commonly indicate cell death. To determine therefore whether 
the defect in cell cycle is reversible and also generalizable after constricted migration, we studied 
A549 lung carcinoma cells, which are quantitatively similar to U2OS cells in terms of nuclear 
envelope rupture, DNA damage, and cell cycle suppression (Fig.3.7A). The epithelial-like A549 
cells were chosen because they migrate relatively slowly in 2D and thus grow in trackable colonies. 
We clonally expanded A549 cells, placed a collagen-coated coverslip under the transwells with a 
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spacer of ~2µm, and the coverslips with cells attached sparsely were then transferred to standard 
cultures to monitor proliferation (Fig. 3.7B). After migration through 8µm pores, the population-
average doubling time in colonies after transfer to a coverslip is similar to standard 2D growth (~1.6 
days). However, after migration through 3 µm pores, a 0.85-day delay in growth is evident before 
the same 1.6-day doubling time (Fig. 3.7C). Expansion after constricted migration is thus consistent 
with repair of DNA damage and reversibility of the cell cycle delay (Fig.3.1-3). 
For cells that proliferate after a spike in DNA damage, mis-repair of the damage could in 
principle lead to chromosomal changes – although selection for pre-existing chromosomal 
differences within a starting population might also contribute to any detected genome variation. 
Genomic changes have been reported from sequencing of micronuclei (Liu et al., 2018b) and from 
mitotic spreads of hyper-contractile cancer cells (Takaki et al., 2017). Genome variation was 
therefore studied using Single Nucleotide Polymorphism (SNP) arrays (with necessary control 
studies, Fig.B5A) after migration through small or large pores compared to 2D cultures. We again 
started with clonally expanded A549 cells because U2OS cells exhibit high genomic instability and 
many micronuclei (Zhang et al., 2015). Cells were migrated three times, including detachment and 
expansion, with a final expansion of randomly chosen single cells to ~106 cells for genomic 
analyses (Fig.B5B). Although all ten randomly chosen clones obtained after migration through 8 
µm pores or from non-migrated 2D Ctl cultures are statistically the same, three of five clones 
obtained after migration through 3µm pores differed significantly from the others and each other 
(Fig.B5C). Moreover, these three clones from 3µm pores are also significantly different from each 
other. For comparison, A549 tumors in stiff subcutaneous sites of immunodeficient mice (NSG) 
exhibit genomic variation (Fig.B5D) that is much higher than control cultures that proliferated for 
similar duration but is similar in magnitude to that achievable in the more controlled in vitro studies 
of constricted migration.  
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3.3 Discussion 
Nuclear rupture has been clearly demonstrated during cell migration in vivo with YFP-NLS 
constructs (Denais et al., 2016; Irianto et al., 2017; Raab et al., 2016), and findings here with rigid 
transwells suggest similar studies of GFP-repair factors should provide further insight (Fig.3.2A) 
especially in combination with cell cycle markers. However, in considering the broader applicability 
of the present results to such tissue processes, a number of factors need to be considered, 
including tissue compliance and permeability. Transwell rigidity requires the cell and nucleus to 
deform strongly, and so deformable channels (Pathak and Kumar, 2012) would likely reveal a 
smaller equivalent diameter than the critical diameter reported here (Fig.3.3E). Transwell 
impermeability to liquid flow implies likely roles for aquaporins based on migration through similarly 
impermeable channels (Stroka et al., 2014), but the effects on transport of other solutes especially 
oxidants (Fig.3.3A) are as unknown as the in vivo effects. 
Pro-migration and pro-damage effects of high myosin-II activity in constricted migration 
(Fig.3.1) seem consistent with results for hypercontractile cells in 2D rigid cultures (Takaki et al., 
2017), which also suggested DNA damage and a potential for genome variation. However, myosin-
II knockout in yeast has the opposite effect in that it increases aneuploidy (Rancati et al., 2008), 
and so perhaps an optimum myosin-II activity is needed for maintaining genome integrity. High 
curvature regions of interphase nuclei in 2D culture are prone to rupture and excess DNA damage, 
which are also favored by high contractility and rigid substrates independent of migration (Xia et 
al., 2018b). Because Lamin-B filaments are stiff, with a persistence length of ~0.5µm (Turgay et 
al., 2017), they will not bend and bind a nuclear envelope with high Gaussian curvature. This 
explanation seems consistent with curvature effects of constricting pores, micropipette aspiration, 
and micronuclei. However, high rates of imposing curvature that result from high pressures 
(Fig.3.4E-ii) or high myosin-II (Fig.3.1) are also more damaging than low rates of imposing 
curvature (at low pressures), particularly for intermediate curvatures of ~3-4 m diameter. Because 
lamin-A behaves as a viscous polymer layer (Harada et al., 2014), low rates of extension and 
curvature generation (unlike high rates) should allow more lamin-A to flow and stabilize lamin-B’s 
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attachment to a highly curved nuclear envelope (Fig.3.4F). Studies of lamin-A knockdown cells at 
various rates should lend insight into this physical model. 
Myosin-II inhibition only partially rescues the excess DNA damage after constricted 
migration, which is consistent with a failure to rescue cell cycle. Squeezing dozens of mobile 
proteins – especially DNA repair factors – away from the dense chromatin in the pore could explain 
some of the excess DNA damage (Irianto et al., 2017; Pfeifer et al., 2018). Such squeezing into 
low density regions of chromatin likely explains the large intranuclear accumulations of GFP-53BP1 
during migration through narrow channels (Denais et al., 2016; Irianto et al., 2017; Raab et al., 
2016) independent of DNA damage (Irianto et al., 2017; Pfeifer et al., 2018). KU70+KU80 are likely 
more important than 53BP1 and even BRCA1 in the KUsBR combination because BRCA1 foci 
correlated with cell cycle effect after constricted migration (Pfeifer et al., 2018) and because 
KU70+KU80 are known to bind to DNA ends in a stoichiometric complex. DNA damage 
measurements based on γH2AX are nonetheless consistent with results from both alkaline and 
neutral comet assays on cells isolated from transwells, including at least one rescue condition 
(Fig.B2E). Although constricting pores cause mis-localization of the MTOC (Fig.B1C), which could 
delay cell cycle, the mis-localization only lasts the few hours that are required for a cell to migrate 
through the pore (Fig.3.1B). DNA damage and a cell cycle checkpoint is ultimately consistent with 
simple orthogonal measures of a sigmoidal delay, illustrating mechanical control of cell cycle as 
one mechanism of “go-or-grow”. 
Mis-repair of DNA damage during the cell cycle delay seems conceivable, but multiple 
models might explain the genomic variation detectable after several rounds of constricted migration 
and expansion (Fig.B5). One model is that the constricting 3 µm pores simply select genomically 
distinct cells within the clonally expanded starting population. Since 12 randomly generated clones 
were all statistically the same, the distinct cells in a selection-based model would have to exist at 
low probability of p < 0.08 (= 1/12) within the starting population. A second model is that migration 
and expansion introduce unique genomic changes in the pure starting population at an overall 
mutation rate of ṁ = 20~25% among the many conditions, which reflects three clones being 
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different among the 15 measured clones. The clones from 3 µm pores thus exhibit a mutation rate 
of 60% (= 3 of 5) that is 3-fold greater than ṁ. Conversely, the probability of showing no mutations 
is 75-80% (=100% - ṁ), so that the probability that no mutations are measured in all 10 clones from 
both the 8 µm pores and 2D is p = (75-80%)10 = 0.05 – 0.10. No significant (n.s.) CNV differences 
between all clones from 8 µm and 2D conditions is thus unlikely to be by chance in this second 
model. To distinguish such models or perhaps identify other mechanisms, monitoring the same 
living cell for the emergence of genome changes is a method that needs to be developed.  
In vivo studies of physical effectors of genome variation will be equally important to pursue 
because meta-analyses of complex human tumors indicate that tumor cells in stiff tissues tend to 
harbor more mutations than tumors in soft tissues such as leukemias and other hematopoietic 
cancers (Pfeifer et al., 2017). Stiffer tissues have more collagen and should have lower porosity. 
Effects of immune cells and inflammation could be equally important, although the mice used here 
(Fig.B5) lack an acquired immune system that can limit growth of lung tumors with high genomic 
variation (Rizvi et al., 2015). Even if mutagenesis is proven not to occur after constricted migration 
in vivo, the primary evidence here from rescuable DNA damage reveals what seems a sensible 
and possibly general mechano-regulated threshold for cell cycle progression.  
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3.4 Materials and Methods 
3.4.1 Cell Culture 
U2OS and C2C12 cells were cultured in DMEM high-glucose medium (Gibco, Life 
Technologies), supplemented with 10% FBS and 1% penicillin/streptomycin (MilliporeSigma). A549 
cells were cultured in Ham’s F12 medium (Gibco, Life Technologies), supplemented with 10% FBS 
and 1% penicillin/streptomycin (MilliporeSigma). Cells were incubated at 37oC and 5% CO2.  A549 
cells stably expressing GFP-S22-lamin-A were first treated with shLMNA (Sigma, 
TRCN0000061833: 5’-CGACTGGTGGAGATTGACAAT-3) to achieve a stable knockdown 
background per prior studies (Buxboim et al., 2014). 
3.4.2 Immunostaining  
Cells were fixed in 4% formaldehyde (MilliporeSigma) for 15 minutes, followed by 15-
minute permeabilization by 0.5% Triton-X (MilliporeSigma), 30-minute blocking by 5% BSA 
(MilliporeSigma), and overnight incubation in primary antibodies at 4oC. The antibodies used 
include lamin-A/C (1:500, sc-7292, mouse, Santa Cruz), lamin-B (1:500, goat, sc-6217, Santa Cruz 
& 1:500, rabbit, ab16048, Abcam), γH2AX (1:500, mouse, 05-636-I, MilliporeSigma), 53BP1 
(1:300, rabbit, NB100-304, Novus), KU80 (1:500, rabbit, C48E7, Cell Signaling), BRCA1 (1:500, 
mouse, sc-6954, Santa Cruz), cGas (1:500, rabbit, D1D3G, Cell Signaling), Pericentrin (1:500, 
rabbit, ab4448, Abcam), Acetyl-H3 (1:500, rabbit, ab47915, ABcam), Anti-Nuclear Pore Complex 
Proteins antibody (1:500, mouse, ab24609, Abcam) and RPA2 (1:500, mouse, ab2175, Abcam). 
Finally, after 90-minute incubation in secondary antibodies (1:500, donkey anti mouse, goat or 
rabbit, ThermoFisher, A21202, A31571, A11056, A21206 and A31573), the cells’ nuclei were 
stained with 8 μM Hoechst 33342 (ThermoFisher) for 15 minutes. When used, 1 µg/mL phalloidin-
TRITC (MilliporeSigma) was added to cells for 45 minutes just prior to Hoechst staining. For Avidin, 
15 µg/mL FITC-conjugated avidin was added after BSA blocking and incubated for 1 hour at 37°C, 
as described in (Radisky et al., 2005). MitoSOX (ThermoFisher, M36008) is applied to live samples 
for 10-15 minutes at 3.8*10-3 µg/µl before fix. CFDA (Vybrant™ CFDA SE Cell Tracer Kit, Thermo, 
Cat# V12883) is applied to live cells at 2µM in live samples as instructed. 
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3.4.3 EdU Labeling and Staining  
As regularly done in other cell cycle studies (e.g (Lee et al., 2013)), cell cycle phase is 
determined using a combination of EdU and DNA intensity even though such intensities are 
continuously distributed. EdU (10 µM, Abcam) was added to Transwell membrane 1 hour before 
fixation and permeabilization. After permeabilization, samples were stained with 100 mM Tris (pH 
8.5) (MilliporeSigma), 1 mM CuSO4 (MilliporeSigma), 100 µM Cy5 azide dye (Cyandye), and 100 
mM ascorbic acid (MilliporeSigma) for 30 min at room temperature. Samples were thoroughly 
washed, and then underwent immunostaining as described above. 
 
3.4.4 Transwell Migration  
Migration assays were performed using 24-well inserts with 3 µm and 8 µm-pore filters 
(Corning) with 2×106 and 1×105 pores per cm2 respectively. A total of 1.5×105 cells were seeded 
on top of the pore filters. The media, supplemented with 10% FBS and 1% penicillin-streptomycin, 
was added to both the top and bottom of each 24-well insert such that there was no nutrient gradient 
across the pore filter. After incubating for approximately 24 hours at 37oC and 5% CO2, the entire 
filter was fixed and stained with desired antibodies following standard immunofluorescence 
protocol. If drug treatment is required, drugs including 20µM of Blebbistatin and 1mg/mL glutathione 
ethyl ester (GSH-MEE, CAT #G-275-500, GoldBio) are added at top, bottom or both sides of the 
membrane 2 hours after seeding. In this case, cells attach and block the pore first so that drugs 
would not severely diffuse through membrane as confirmed by CFDA staining.  
 
3.4.5 Transwell Migration to Glass              
A total of ~105 and ~103 A549 cells obtained from a clone were seeded over the 3 µm and 
8 µm-pore filters respectively. Each insert was placed over a 15 mm-diameter microscopic slide 
coverslip in a petri dish, and the coverslip had been coated with 100 µg/mL collagen I solution for 
1 hour before use. Beads with 2-3µm were added between coverslip and Transwell membrane to 
69 
 
create space allowing cells to migrate to bottom. Media, supplemented with 10% FBS and 1% 
penicillin-streptomycin, was added to the top of each insert. Media was also added to the petri dish 
such that there was no nutrient gradient across the pore filter. After incubating for approximately 
24 hours at 37°C and 5% CO2, the coverslips had sparse single cells on them and the entire 
coverslip was transferred to a standard 24-well plate. Media was added, and the samples were 
ready for live monitoring. 
 
3.4.6 Transwell Pore Etching  
Porous membrane cell culture inserts are commercially available from Corning; they come 
in a limited assortment of pore diameters, including 1, 3, 5 and 8 μm. To generate intermediate 
pore sizes, such as 4 or 6 μm, the polycarbonate membranes were etched with 2 M NaOH in a 
60°C incubator. 3 μm pore membranes were incubated for 72 min and 120 min to generate 4 μm 
and 5 μm diameter pores, respectively. The same conditions were used to etch 5 μm pore 
membranes to generate 6 and 7 μm diameter pores. To achieve pores of sub-3 μm diameter, 1 μm 
pore membranes were irradiated with 365 nm ultraviolet light (Spectroline XX-15A, 0.7 A) for 30 
min per side, and then etched with 9 M NaOH at room temperature (22°C). Etching for 4.5 hr and 
5 hr yielded 2.2 μm and 2.3 μm diameter pores, respectively. In every case, after etching, 
membranes were thoroughly washed with MilliQ water and dried under vacuum. Etched 
membranes were sterilized with UV irradiation before being used in migration assays. Etching 
conditions were adapted from (Cornelius et al., 2007). The sizes of etched pores imaged by 
confocal microscopy are measured/confirmed by ImageJ (Fig.B2F,G). Expected etched pore sizes 
match well with measured pore sizes. Additionally, etched 4m & 5m pores, for instance, have 
the same distributions as the commercially available 3m ones, and are sufficiently tight that the 
4m pore is not a combination of 3m & 5m pores. 
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3.4.7 Optical Microscopy 
Conventional epifluorescence images were taken using an Olympus IX71 microscope—
with a 40x/0.6 NA objective—and a digital EMCCD camera (Cascade 512B, Photometrics) and 
confocal imaging was done on a Leica TCS SP8 system with a 63x/1.4 NA oil-immersion objective. 
Fixed samples were either immersed in PBS for epifluorescence or mounted with anfifade (prolong 
gold, P10144, Thermofisher) for confocal at room temperature. All fluorochromes (secondary 
antibodies) have been listed in the immunostaining section. Higher NA lenses give higher resolution 
images and should increase foci counts. Only Fig.S2B,D in this study and (Irianto et al., 2017) 
Fig.3C-i were taken using the 40×/0.6 NA objective, and Ctl cells consistently show ~10 γH2AX 
foci. Other images of γH2AX here and in (Irianto et al., 2017) Fig.1C,D were all taken with a 63×/1.4 
NA objective, and Ctl cells consistently show ~15 γH2AX foci. Raw images were used directly for 
image quantification and ImageJ is the only software for analysis. 
 
 
3.4.8 Scanning Electron Microscopy 
SEM of etched Transwell membranes was performed with an FEI Quanta 600 FEG Mark 
II ESEM, operated in wet environmental mode. 
 
3.4.9 Live Imaging 
For live imaging in Fig. S1, we used an EVOS FL Auto Imaging System with 10X or 20X 
object in normal culture conditions (37oC, 5% CO2, complete culture medium as specified above). 
 
3.4.10 Imaging Analysis  
All imaging analysis is done with Fiji ImageJ in blinded analyses with uniform adjustment 
of brightness and contrast. Blebs are counted manually as they have very distinguishable features 
(such as lack of lamin-B in the bleb) when we overlay lamin-A and lamin-B together as shown in 
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Fig B1D. Foci counting was performed on z-stack projections automatically by the ImageJ built-in 
algorithm “Find Maxima,” which identifies in an image local maxima that exceed a user-defined 
threshold that is the same for all samples—experimental and control—within a given experiment.  
Sample images and counts have been added in Fig.3.1F as a reference. Intensity quantification is 
also done automatically in ImageJ after ROI is selected. In the case of MitoSox intensity, cells were 
selected in ImageJ, followed by automated intensity quantification (integrated intensity). The 
MitoSox Int. after H2O2 treatment only increases 50%, although massive oxidative damage is 
present. Therefore, a weaker increase in MitoSox Int. at bottom is expected. For small differences, 
p-values are calculated in Excel 2013. The fact that intensity measurement is automated improves 
confidence in this result. 
 
3.4.11 Alkaline Comet Assay  
Alkaline Comet assays was performed according to manufacturer’s protocol (Cell Biolabs, 
OxiSelect™ Comet Assay Kit, STA-350). Briefly, cells were trypsinized, mixed with liquefied 
agarose at 37°C, placed drop-wise onto the supplied glass slide (75μl per glass well), and incubated 
for 15 min at 4°C for the agarose to gel. Lysis buffer from the kit was then added to the solidified 
gel and incubated for 45 min, followed by an additional 30 min incubation with alkaline solution. 
Electrophoresis was performed at 300 mA for 30 min in alkaline solution followed by a DI water 
wash and a 70% ethanol wash, before samples were air dried overnight. Finally, DNA dye in the 
kit was added to each sample for 15 minutes, followed by epifluorescence imaging as described 
above. 
 
3.4.12 Neutral Comet Assay  
Neutral Comet assays was performed following manufacturer’s protocol (Trevigen, CometAssay® 
HT, 4252-040-K). Briefly, melted agarose cooled to 37 °C was mixed with the tripsinized cells. The 
mixture was placed drop-wise onto the glass slide from the kit (30μl per glass well), and incubated 
for 10 min at 4°C in the dark. The slide was then immersed in the supplied lysis solution for 1 hour 
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at 4°C, followed by a 30 min incubation with neutral electrophoresis buffer. Electrophoresis was 
performed at 15 V (1V per cm between electrodes) for 45 min. The slide was then washed using 
DNA precipitation solution for 30 min, followed by a 30- min 70% ethanol wash. After being air dried 
in dark overnight, the samples were stained using DNA dye (Invitrogen, SYBR™ Gold Nucleic Acid 
Gel Stain, S11494) for 30 min, and were viewed using epifluorescence microscopy. 
 
3.4.13 Immunoblotting  
Cells were trypsinized and pelleted (~1.5 million cells, count each time). Pellets were 
resuspended in 1X LDS lysis buffer supplemented with 1% protease and 1% phosphatase inhibitors 
and sonicated on ice (3 x 15 x 1 s pulses, intermediate power setting). After resting for 30 min on 
ice, samples were denatured at 80 °C with 0.5% β-mercaptoethanol v/v for 10 min. Samples were 
loaded onto bis-Tris 4-12% gradient gels (equal volume, usually 4µL per 15-well gel) for 
electrophoresis (100 V x 10 min; 160 V x 55 min) and then transferred (iBlot; Life Technologies: 
settings P3, 7 min) to blotting membrane. Band intensities were quantified using Fiji/ImageJ, 
relative to local background levels flanking the specific bands. Antibodies were used 1:100 dilution 
from mentioned above. Beta-actin (mouse, Santa Cruz, sc-47778) was used as normalizer. 
 
3.4.14 Transfection in U2OS Cells  
GFP-TRX1 WT and D18N are from Addgene (#27219, 27220). GFP-BRCA1 (Addgene 
plasmid # 71116) was a gift from Dr. Daniel Durocher of the Lunenfeld-Tanenbaum Research 
Institute in Toronto, Canada; GFP-KU70 and GFP-KU80 were gifts from Dr. Stuart L. Rulten of the 
University of Sussex in Brighton, UK (Grundy et al., 2013); GFP-Nup153 is from Addgene (#64268) 
(Duheron et al., 2014); lamin-B1-GFP was a gift from Dr. Harald Herrmann-Lerdon of 
Universitätsklinikum Erlangen in Erlangen, Germany, and Tatjana Wedig of the German Cancer 
Research Center in Heidelberg, Germany; and mCherry-cGAS was a gift from Dr. Roger 
Greenberg (Harding et al., 2017). Cells were passaged 24 hours prior to transfection. siLMNA and 
siCtl were purchased from Dharmacon (siLMNA: L-004978-00: GAAGGAGGGUGACCUGAUA, 
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UCACAGCACGCACGCACUA, UGAAAGCGCGCAAUACCAA, CGUGUGCGCUCGCUGGAAA 
and non-targeting siRNA: D-001810-10: UGGUUUACAUGUCGACUAA, 
UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA). 
A complex GFPs (0.2-0.5 ng/mL) and 1 µg/mL Lipofectamine 2000 (Invitrogen, Life Technologies) 
was prepared according to manufacturer instructions, and then added for 24 hours (GFPs) to cells 
in corresponding media supplemented with 10% FBS. KUsBR consists of GFP-KU70, GFP-KU80, 
and GFP-BRCA1 (0.2-0.5 ng/mL each). 
 
 
3.4.15 Establishment of A549 Tumors In Vivo  
For each injection, ~106 cells were suspended in 100 μL ice-cold PBS and 25% Matrigel 
(BD) and injected subcutaneously into the flank of non-obese diabetic/severe combined 
immunodeficient (NOD/SCID) mice with null expression of interleukin-2 receptor gamma chain 
(NSG mice). Mice were obtained from the University of Pennsylvania Stem Cell and Xenograft 
Core. All animal experiments were planned and performed according to IACUC protocols. The 
tumors were grown for 4 weeks and tumors cells from mice were then isolated for SNP array. 
 
3.4.16 Micropipette Aspiration 
U2OS cells were transfected overnight with mCherry-cGAS and lamin-B1-GFP. Prior to 
aspiration, cells were detached using 0.05% trypsin-EDTA (Life Technologies), and then incubated 
in 0.2 μg/ml latrunculin-A (MilliporeSigma) and 8 μM Hoechst 33342 (Thermo Fisher) for 30 min at 
37°C, as described previously (Pajerowski et al., 2007). During aspiration, cells were suspended 
in phosphate-buffered saline with 1% BSA and 0.2 μg/ml latrunculin-A. Imaging was done on a 
Nikon TE300 epifluorescence microscope—with a 60×/1.25 NA oil-immersion objective—and a 
digital EMCCD camera (Cascade, Photometrics). Aspiration pressures (~kPa) were varied over a 
wide range (see Fig.B3), and aspiration was monitored over ~5 minutes. 
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3.4.17 Calculating Lamin-B Dilution  
To quantify lamin-B dilution on a nuclear bleb, we measure the average (background-
subtracted) lamin-B intensities of the entire on-bleb and off-bleb regions of a blebbed nucleus. 
Lamin-B dilution is the ratio of the off-bleb intensity to the on-bleb intensity—minus 1 so that dilution 
= 0 if the bleb exhibits zero lamin-B deficiency. Lamin-B dilution at the leading tip of an aspirated 
nucleus is calculated in the same way, except on-bleb and off-bleb intensities are replaced by tip 
and ‘inside’ intensities (Fig. 3.4D, inset), which are measured within boxes of area ~(pipette 
diameter)2. Nuclear pore dilution is calculated in the same way (Fig. B4A-ii). 
 
3.4.18 Single Filament Model 
We consider a single lamin-B filament that is stiff with a measurable length Lfil and 
persistence length ℓp (Turgay et al., 2017), and the filament is either attached to the nuclear 
membrane or else detached. The molecular partition function is thus: 
𝒁 = ∑ 𝒆−𝑬𝒔 𝒌𝑩⁄ 𝑻𝒔 = 𝒆
−𝑬𝐚𝐭𝐭𝐚𝐜𝐡𝐞𝐝 𝒌𝑩⁄ 𝑻 + 𝒆−𝑬𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 𝒌𝑩⁄ 𝑻.    (1) 
We choose the detached state as the reference state with Edetached = 0, but the energy of the 
attached state results from a competition between two terms: 
𝑬𝐚𝐭𝐭𝐚𝐜𝐡𝐞𝐝 = 𝑬𝐛𝐢𝐧𝐝𝐢𝐧𝐠 + 𝑬𝐛𝐞𝐧𝐝𝐢𝐧𝐠,        (2) 
where Ebinding and Ebending are, respectively, a negative binding energy that favors filament 
attachment and a positive energy due to bending disruption of the interaction by the curved nuclear 
envelope. Expanding Ebending in curvature (
1
𝐷
) yields 
𝑬𝐚𝐭𝐭𝐚𝐜𝐡𝐞𝐝 = −𝑬 +
𝒂
𝑫
+
𝟏
𝟐
𝒌
𝑫𝟐
,      (3) 
where 
𝒂
𝑫
 captures the contact area between the nuclear membrane and the lamin-B filament ([𝒂] =
[𝑬]  ×  [𝑳]), and 
1
2
𝒌
𝑫𝟐
 is simply a bending energy with filament bending modulus 𝒌 = (𝓵𝒑𝒌𝑩𝑻)𝑳𝐟𝐢𝐥 
( [𝒌] = [𝑬]  × [𝑳𝟐] ). These expansion terms increase (i.e. become more positive) for higher 
membrane curvature, which opposes filament adsorption. The probability of the detached state is 
then 
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𝑷𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 =
𝟏
𝒁
𝒆−𝑬𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 𝒌𝑩⁄ 𝑻 
𝑷𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 =
𝟏
𝟏+𝒆
(𝑬−𝒂 𝑫⁄ −
𝟏
𝟐𝒌 𝑫
𝟐⁄ ) 𝒌𝑩𝑻⁄
.        (4) 
In the high-curvature limit, 
𝒂
𝑫
 and 
1
2
𝒌
𝑫𝟐
 become large such that 𝒆(𝑬−𝒂 𝑫
⁄ −
𝟏
𝟐
𝒌 𝑫𝟐⁄ ) 𝒌𝑩𝑻⁄ ≪ 𝟏, and 
𝑷𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 → 1, consistent with high probability of lamin-B loss and nuclear envelope rupture in 
high-curvature Transwell pores and micropipettes (Fig. 4, S4). In the low-curvature limit (
𝟏
𝑫
) → 𝟎, 
𝑷𝐝𝐞𝐭𝐚𝐜𝐡𝐞𝐝 → 𝟏 (𝟏 + 𝒆
𝑬 𝒌𝑩𝑻⁄ )  → 𝟎⁄  assuming E >> kBT, which is consistent with strong attachment. 
 When fitting the curvature dependence of nuclear envelope rupture in Transwell pores and 
micropipettes (Fig. 4A), we use the values ℓp = 0.5 m and Lfil = 0.38 m from Ref. (Turgay et al., 
2017) to set the bending modulus k in the quadratic term: 𝒌 = (𝓵𝒑𝒌𝑩𝑻)𝑳𝐟𝐢𝐥 =
(𝟎. 𝟓 𝛍𝐦)(𝟎. 𝟑𝟖 𝛍𝐦)𝒌𝑩𝑻 = (𝟎. 𝟏𝟗 𝛍𝐦
𝟐)𝒌𝑩𝑻. The ratio between the interaction energy a and the 
binding energy E provides a critical length scale that corresponds to the inflection point of the 
rupture-vs-curvature plot (Fig. 4A inset). Pore/pipette diameters below a/E are in the high-curvature 
regime and favor lamin-B desorption; diameters above a/E are in the low-curvature regime and 
favor lamin-B attachment. 
 
3.4.19 Nuclear Indentation by AFM During Fluorescent Imaging 
U2OS cells transfected mCherry-cGAS and siLMNA were re-plated on coverslips at a 
density of 60,000 cells/cm2 and cultured overnight.  Coverslips were mounted in the fluid cell of a 
hybrid AFM system (MFP-3D-BIO, software: MFP-3D+Igor Pro 6.05, Asylum Research, Oxford 
instruments), which has a base plate and X-Y scanner that rest on an inverted optical fluorescence 
microscope (Olympus IX81 with 40X/0.60 NA object). Experiments were performed in closed liquid 
cell at temperature of ~ 29 oC in DMEM high-glucose medium with 10% serum buffered at pH 7.4 
with 25 mM HEPES to prevent cell death in the absence of CO2 (Frigault et al., 2009). Cells were 
indented using MSCT – AUHW (Bruker) cantilevers with nominal spring constants 0.03-0.1 N/m, 
nominal tip radius 10 - 40 nm, and nominal tip height 2.5-8 μm. Before each experiment, cantilever 
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spring constants were calibrated via the thermal fluctuations method to determine indentation 
forces. Then, a fluorescent cell was chosen for probing by AFM based on expression pattern; for 
example, expression of mCherry in the cytoplasm. The cantilever was positioned on the top of the 
nucleus, and the nucleus was locally compressed with forces of ~10-40 nN. When the cantilever 
deflection reached the predefined set point, the tip would dwell on the spot for a predefined time of 
100 sec before the cantilever was retracted and detached from the cell. Simultaneous fluorescent 
images were captured every 10 or 15 sec for the entire probing cycle, including before force was 
applied and after the cantilever was retracted for several minutes. In multiple independent 
experiments that cumulated to 100’s of pokes on nuclei inside cells, mCherry-cGAS reliably 
ruptured in. In addition, poking over the nucleus rarely showed cytoplasmic rupture (~1%), 
consistent with nucleus-specific rupture. The same protocol has been used in (Xia et al., 2018b). 
The pressure that tip exerted on the cell surface during typical maximum indentation ~4 µm was 
estimated as P=F/(πa)^2 where F is the force and (πa)^2 is the contact area between the tip and 
the cell for given indentation. The contact radius was calculated from the averaged nominal values 
of the pyramid tip specified by the manufacturer and given with  𝑎 = 𝛿 tan 𝜃 √2⁄   ,(Rico et al., 2005), 
where δ is the indentation and 2θ is the vertex angle of the pyramid tip. 
 
3.4.20 Genome (SNP array) Analysis 
DNA isolation was done with Blood & Cell Culture DNA Mini Kit (Qiagen) per 
manufacturer’s instruction. DNA samples were  genotyped  at  The Center for Applied Genomics 
Core in The Children’s Hospital of Philadelphia, PA, for Single Nucleotide Polymorphism (SNP) 
using array HumanOmniExpress-24 BeadChip Kit (Illumina). For this array, >700,000 probes have 
an average inter-probe distance of ~4kb along the entire genome. For each sample, the Genomics 
Core provided the data  as  GenomeStudio files (Illumina). The data were then exported to Matlab 
to convert SNP array data to Single Nucleotide Variation (SNV) data. To compare different 
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samples, probes with ‘no-call’ (either due to low read intensity or located outside the ‘call’ cluster) 
were removed from further analysis.  
Hierarchical clustering of SNP array results (Fig.B5C) was performed based on the level 
of difference for each clone compared to 8 m-clone0. Clustering was done in Matlab by calculating 
the pairwise distance first (“psidt”), followed by optical leaf ordering (“linkage” + “optimalleaforder”), 
and generation of a dendrogram (“dendrogram”). The p-values are calculated between each clone 
and the 8 μm-clone0, using the k-s (Kolmogorov-Smirnov) (López‐ Bigas and Ouzounis, 2004; 
Mavrakis et al., 2010), with asterisks indicating p<0.05 and showing only the bottom-most 3 clones 
(after 3 µm migration) have genomes that differ significantly. These 3 clones also exhibit changes 
>40 Mb. This is important because the uncertainty associated with reproducibility was determined 
by running the same DNA sample on three SNP arrays. We determined a variation of ~40 Mb (from 
the 3100 Mb array; Fig.B5A), with differences likely reflecting imperfections in the array of probes 
or the hybridization process. Furthermore, SNP array linearity was determined by mixing DNA from 
two very different clones in different ratios, which showed clear linearity when the signal >40 Mb.  
 
3.4.21 Heatmap Comparisons of Curvature Associated Nuclear Envelope 
Rupture Properties  
The numbers in the heatmap were obtained either from Figs.3.1-5 and additional literature. 
1. LaminB dilution: Numbers of the first 4 columns were obtained from Fig.3.4 directly. For 
micronuclei, as there is no bleb on micronuclei, the numbers reflected the Frcn. Micronucl. that are 
lamin-B positive or negative (Fig.3.5C). 2. cGAS entry: Numbers of the first 4 columns were 
obtained from Fig.3.4 and Fig.3.5C directly. 3. Nucl. Pore dilution: The numbers of the first 2 
columns were taken from Fig B4A-ii. For micronuclei, the numbers reflected the average coverage 
of NUPs on different sizes of micronuclei in (Liu et al., 2018b). 4. Fraction of DNA repair factors in 
the nucleus: Numbers of the first 2 columns were obtained from Fig.3.1 directly. The aspiration 
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experiments in the 3rd and 4th columns were done previously in (Irianto et al., 2016a). For 
micronuclei, the numbers reflected KU80/DNA in Fig 3.5C and the results are consistent with RPA 
trend in (Liu et al., 2018b). The row of cGAS is normalized to the highest value as all experiments 
are comparable. In other cases, the fisrt 4 columns of each row were normalized to the highest 
value as the methods are comparable and the micronuclei results (row 1,3 and 4) are normalized 
within its own dataset as some criteria and data source are slightly different. A summary table is 
shown below. 
 
Table 2. Summary of data collection. 
 nuclear blebs in TW’s nucleus aspirated tip micronuclei 
Diameters: ≤3um 
pore 
8um pore ≤3um ≥6um <3um >3um 
lamin-B dilution Fig.3.4B Fig.3.4B Fig.3.4D Fig.3.4D Fig.3.5C Fig.3.5C 
cGAS entry Fig.3.4A Fig.3.4A Fig.3.4D Fig.3.4D Fig.3.5C Fig.3.5C 
Nucl. Pore dilution Fig. B4A-ii Fig. B4A-ii - - (Liu et al., 2018b) 
DNA repair factors Fig.3.1D Fig.3.1D (Irianto et al., 2016a) Fig.3.5C Fig.3.5C 
 
3.4.22 Statistical Analysis  
All statistical analysis were performed using Microsoft Excel 2013. Unless otherwise noted, 
statistical comparisons were made by unpaired two-tailed Student t-test and were considered 
significant if p < 0.05. pxy in Fig. 3.1C-ii is the joint probability obtained by multiplying px and py, 
which assumes independence (Wang, 2013). Unless mentioned, all plots show mean ± S.E.M. “n” 
indicates the number of samples, cells, or wells quantified in each experiment. Figure legends 
specify the exact meaning of “n” for each figure (Cumming et al., 2007). 
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Figure 3.1. MYO-i on bottom rescues nuclear rupture and DNA damage but not cell cycle 
suppression.  
 
(A) Nuclei rupture in constricted migration through Transwells of customized pore size that also 
allow asymmetric exposure to drugs. 
(B) Time-lapse of A549 cell expressing GFP-lamin-A as non-phosphorylatable S22A and emerging 
from a 3m pore, with a bleb (arrows) forming at the leading tip of the nucleus. GFP-lamin-A 
accumulates in the bleb independent of S22 phosphorylation (see also Fig.B1B).  
(C) (i) In constricted migration of U2OS cells, nuclear blebs form with lamina disruptions (arrows) 
except when blebbistatin (MYO-i) is on Bottom. Inset: Rupture occurs occasionally (arrow) with 
MYO-i. (ii) Addition of MYO-i to the 3μm Bottom or Both sides of a Transwell greatly reduces 
migration and nuclear blebs but increases circularity. The 8μm Transwell is used as a Ctl (>100 
cells per condition, n >= 3 expt. *pxy<0.05).  
(D) U2OS cells expressing DNA repair protein GFP-KU70 and cytoplasmic DNA-binding protein 
mCherry-cGAS migrated through 3µm pores; most cells showed GFP-KU70 mis-localized to 
cytoplasm and mCherry-cGAS accumulated in the nuclear bleb in Ctrl. MYO-i prevents such 
nucleo-cytoplasmic exchange (n=3 expt). Bargraph: Endogenous DNA repair factor KU80 also mis-
localizes to cytoplasm, except with MYO-i or with larger pores that eliminate blebs (50~300 cells, 
n>3 expt., *p<0.05).  
(E) DNA breaks constantly form and are repaired, but if net DNA damage is high, then damage 
checkpoints block cell cycle progression.  
(F) Foci of γH2AX (white in image) are not enriched in nuclear blebs (arrows) after 3µm pore 
migration. Bargraphs: γH2AX foci measured in confocal projections are in excess on bottom except 
with MYO-i or with larger pores. Compared to the nuclear body, blebs are low in lamin-B as 
expected but equal in foci density. (>100 cells, n=5 expt., *p<0.05).  
(G) Using EdU spike-in to label replicating DNA during Transwell migration, DNA stain intensity 
and EdU were used to identify a cell as 2N (non-replicated genome) or 4N (fully replicated genome) 
and as G1, early S (eS), late S (lS), or G2 (see Fig. B1G). When contact-inhibited cells migrate 
through large (8µm) pores into sparse microenvironments, cells re-enter cell cycle. Constricting 
(3µm) pores block cell cycle and suppress mitosis – regardless of MYO-i. No significant difference 
is seen between 2N/4N populations on Bottom or Top after treatment with blebbistatin for both 3µm 
and 8µm pores (n.s.). (>400 cells per condition, n=3 expt, *p<0.05). All scalebars: 10μm. 
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Figure 3.2. Overexpression of multiple DNA repair factors rescues DNA damage 
independent of rupture in constricted migration but cell cycle suppression persists.            
 
(A) Constricted migration causes DNA repair proteins BRCA1 and 53BP1 to mis-localize from the 
nucleus into the cytoplasm (>5 field of views each. n>3 expt., *p<0.05).  
(B) As a nucleus squeezes out of a constriction, both endogenous KU80 (yellow) and 
overexpressed YFP-NLS (green) are mis-localized to cytoplasm, but nuclei that have fully exited 
show KU80 remains cytoplasmic while YFP-NLS is mostly nuclear. Bargraphs: Overall Nucl./Cyto. 
ratio is thus lower for KU80 than for YFP-NLS after 3µm pore migration (>5 field of views each. n>3 
expt. per condition, *p<0.05).  
(C) Co-overexpression of three DNA repair factors (GFP-3: KU70, KU80, BRCA1) partially rescues 
excess DNA damage after constricted migration despite nuclear rupture, whereas rescue is not 
achieved by overexpression of any single repair protein. (200-500 cells per condition. n>3 expt. per 
condition, *p<0.05.) 
(D) The 4N population of both Ctl and GFP-3 cells remain suppressed despite the partial rescue of 
migration-induced DNA damage (200-500 cells per condition. n>3 expt. per condition, *p<0.05). All 
scalebars: 10 μm.          
(E) A critical amount of DNA damage is predicted to block cell cycle progression.  
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Figure 3.3. Complete rescue of DNA damage and cell cycle defect requires antioxidant and 
MYO-i, revealing a bimodal dependence of cell cycle on DNA damage.                  
(A) Reactive oxygen species (ROS) damage DNA but can be neutralized by reduced glutathione, 
including a membrane-permeable ethyl ester (GSH-MEE denoted ‘GSH’). Constricted migration 
increases ROS based on intensity of MitoSOX dye. (>50 cells per condition, n=3 expt, *p<0.05)  
(B) GSH partially rescues the excess DNA damage after constricted migration. Complete rescue 
of DNA damage requires both MYO-i or GFP3 and GSH on both sides of the Transwell membrane, 
but drugs on Bottom suffice (>80 cells per condition, n=3 expt, *p<0.05). All scalebars: 10μm.  
(C) GSH alone does not affect constricted migration or nuclear rupture (>3 field of views, n=3 expt, 
*p<0.05).  
(D) Both Ctl and GSH show 4N suppression after constricted migration, but the cell cycle block is 
rescued by GSH + MYO-i or GFP3 even with MYO-i only on Bottom (>80 cells per condition, n=3 
expt, *p<0.05).  
(E) For a pore size-dependent test of cell cycle suppression, we enlarged commercial pores by 
NaOH etching to novel diam’s. of 2.20, 2.30, 3.85, 3.95, and 5.0 μm. The plot shows %4N remains 
suppressed on Bottom unless DNA damage is fully rescued. Hill equation y = A + Bm/[(x-1)m + Cm] 
has fit parameters [m = 15: A = 0.67, B = 0.22, C = 0.23; R2 =0.78] and goes through error bars for 
13 of 15 datapoints. Data from pore migration rescue experiments (Fig. 3.1-3) are also fit. 
Representative error bars (8μm and Ctl) for pore and pipette experiments are shown (>50 cells per 
condition, n=3 expt). 
 
85 
 
 
 
 
86 
 
Figure 3.4. High-curvature pores favor nuclear envelope rupture and lamin-B dilution, 
especially for rapid distension.  
(A) Latrunculin-treated U2OS cells transfected with mCherry-cGAS and GFP-lamin-B1 were pulled 
under controlled pressure into micropipettes of varying diam., Dp. The probability of nuclear 
rupture—as indicated by nuclear entry of mCherry-cGAS—increases with 1/Dp. Rupture probability 
shows the same functional dependence on curvature for active migration through Transwell pores, 
where nuclear blebs demark rupture. Fit function and parameters per “Single filament model” in 
Materials & Methods, and y = Axm / (B + xm) fits equally well with m≈ 4, consistent with a continuum 
model (Irianto et al., 2017; Pfeifer et al., 2018) (≥6 cells per Dp; ≥50 cells per Transwell pore diam.; 
SEM). Inset: Derivatives of fits indicate a critical pipette/pore diam. of ~4 m, consistent with Fig. 
3.3E.  
(B) Smaller pores increase nuclear bleb size and lamin-B dilution (i.e. nucleus-to-bleb lamin-B 
intensity ratio minus 1). Dashed line is fit to first two points and the origin (≥11 cells per Transwell 
pore diam.; SEM). Images: nuclear blebs indicated by arrows. Scalebars = 10 m.  
(C) Accumulation of mCherry-cGAS at the aspirated tip of the nucleus (arrow) indicates nuclear 
rupture, which coincides with GFP-LMNB1 dilution.  
(D) Tip dilution of lamin-B1 () is relative to an ‘inside’ intensity (inset), and mCherry-cGAS 
accumulation is normalized to both cytoplasmic intensity and pipette cross-section (as a maximum 
area). Binned points show that higher  correlates with more cGAS inside the nucleus at t  5 min. 
Each point is labeled by mean pipette diameter for cells within that bin (36 cells total, ≥5 cells per 
bin; SEM).  
(E) (i) For every aspirated cell at t  15 sec, nuclear extension ∆L into the pipette shows low or slow 
∆L associates with low  (unshaded region), and small diam. (2 - 4 m) is needed for high  
(shaded region). Filled portions of datapoints indicate the fraction of nuclei within that bin that 
rupture by t  5 min, with upper heatmap indicating rupture probabilities for low- or high-∆L (36 cells 
total, ≥3 cells per bin; SEM). (ii) Data for all cells aspirated with Dp = 4 m at t  1 sec (light red) 
and at ∆L = 10 m (i.e. Transwell filter thickness). Fast nuclear entry and rupture occurs at ∆P = 
4.6 ± 1.2 kPa whereas slow entry and no rupture occurs at ∆P = 3.2 ± 1.0 kPa (6 cells total, 3 cells 
per bin; SEM).  
(F) Lamin-B filaments are too stiff to bend along high-curvature nuclear membranes—and are thus 
depleted—but can stably interact with low-curvature membranes. 
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Figure 3.5. Small micronuclei and ruptured nuclei exhibit many similarities.  
 
(A) Endogenous cGAS binds DNA in both nuclear blebs (yellow arrows) and many micronuclei 
(gray arrow). Many micronuclei are γH2AX+ and some lack LMNB.  
(B) Composition of micronuclei assessed after constricted migration shows: (i) More of the low 
LMNB micronuclei are γH2AX+ and cGAS+. (ii) A broad distribution of small and large micronuclei 
(n=68).  
(C) Small micronuclei (<3m) tend to have low KU80 (left 2 images), low GFP-KU70 (bottom right 
image), low LMNB, but high cGAS (bar graphs). (30-40 micronuclei per condition from 3 expts. 
*p<0.05) All scalebar: 2μm.  
(D) Heat map summary of similarities between nuclear blebs, nuclear aspiration and micronuclei 
from various experiments in terms of lamin-B dilution, cGAS entry from cytoplasm, Nuclear Pore 
dilution, and levels of DNA repair factors (as explained in Methods under “Heatmap comparisons 
of curvature-associated nuclear envelope rupture properties”).  NaN indicates no data. 
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Figure 3.6. Entry of TREX1 after rupture does not cause elevation of DNA damage.  
(A) Overexpressed nuclease GFP-TREX1 localizes to site of nuclear rupture after constricted 
migration (arrow), but γH2AX foci are not enriched. A representative z-stack image confirms TREX1 
is a transmembrane protein. Bargraphs (left): Both wild-type (WT) and inactive (D18N) GFP-TREX1 
show the same excess DNA damage after constricted migration. Functionality of WT TREX1 was 
confirmed by an increase in RPA2 foci on mitotic bridges of DNA (right) (>150 cells per condition, 
n = 3 expt., *p<0.05). Representative images: Overexpression of wild-type TREX1 (GFP-TREX1-
WT) causes formation of RPA2 foci on DNA bridges (yellow arrow) post-mitosis, confirming 
nuclease activity. With overexpression of inactive mutant TREX1 (GFP-TREX1-D18N), fewer cells 
exhibit such RPA2 foci.  
(B) Suppression of 4N is the same for WT and mutant GFP-TREX1 after constricted migration 
(>150 cells per condition, n = 3 expt., *p<0.05). 
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Figure 3.7. Cell expansion after constricted migration reveals a growth delay.  
(A) Heat maps summarize the Bottom-to-Top fold-change in Nucl. Bleb %, DNA damage, and %4N 
for 3 and 8-µm pore migration of both A549 and U2OS cells (log2Ratio).  
(B) Schematics: Clonal A549 cells migrated through Transwells to a collagen coverslip placed 
under the Transwells with a spacer ~2µm, and the coverslips with sparsely attached cells were 
then transferred to standard cultures to monitor proliferation.  
(C) After migration through 8µm pores, the population-average doubling time in colonies after 
transfer to a coverslip is similar to standard 2D growth (~1.6 days, right curve, exponential fit, n>4 
expts). However, after migration through 3µm pores, a 0.85-day delay in growth is evident using 
the same 1.6-day doubling time. If the delay is set to zero, then the exponential fit with 1.6-day 
doubling time fits poorly (gray dash fit, R2<0.1). Scalebar = 20μm. 
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CHAPTER 4  
 
Live cell monitoring for factors affecting genome 
variation 
 
The work presented in this Chapter appears in BioRxiv, doi: https://doi.org/10.1101/508150 
(2018) 
 
Some clonal expansion, flow cytometry and SNP samples were conducted / prepared by 
Kuangzheng Zhu.  
Mice work was performed by Jason C. Andrechak and Dr. Larry J. Dooling. 
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Abstract 
 
Cancer cells and pluripotent stem cells frequently exhibit gains or losses of entire 
chromosomes or chromosome segments, and the typical terminal analyses of genomes suggest 
this aneuploidy is ongoing and particularly variable in solid tumors. Here, we quantify aneuploidy-
inducing perturbations by live cell fluorescence monitoring for changes in chromosome-5 in a lung 
cancer line and in normal diploid iPS cells. Inhibition of the spindle assembly checkpoint (SAC) and 
knockdown of DNA repair factors cause chromosome mis-segregation to increase several-fold 
above a low baseline level, and both perturbations also generate several-fold more rare 
fluorescent-null cells. Loss of chromosome-5 is confirmed by single cell karyotyping, SNP arrays 
on stable isolated clones, and downregulated expression of genes on chromosome-5 in single cell 
transcriptomics. The iPS cells also show loss of fluorescence in infrequent cells after SAC inhibition 
and upon growth as teratomas in mice. Viability, selection, and altered expression can thus be 
tracked to reveal molecular mechanisms in aneuploidy. 
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4.1 Introduction 
Copy number changes are a major form of genomic variation in cancer (Hastings et al., 
2009; Zhang et al., 2009) and are often more common than somatic mutations. A recent study of 
medulloblastoma, for example, shows the most frequently detected mutation (in MYC) occurs in 
only 17% of patients whereas every one of more than a dozen copy number changes occur in more 
than 30% of patients (Northcott et al., 2017). In clinical trials by Yamanaka and colleagues on two 
aged patients (>65 yrs), induced pluripotent stem (iPS) cells generated from one of the patients 
exhibited copy number variations that prevented their use for fear of causing cancer (Mandai et al., 
2017). Mechanisms for copy number variation remain unclear, and reported changes are likely to 
reflect selection and affect gene expression (i.e. gene dosage). 
Current methods to assess copy number variations require DNA extractions for sequencing 
and arrays or else viable mitotic cells for metaphase spreads, but such methods are terminal 
experiments for cells. Rare changes (~1% of cells) are also difficult to be confident in, and whether 
a given change yields a viable cell can at best be inferred. A live cell reporter for copy number 
changes in rare cells might address such issues and be useful to decipher mechanisms. A recently 
reported live reporter in yeast has used changes in intensity of a chromosome-integrated, GFP-
tagged gene to hint at copy number changes, but validations and imaging were limited (Lauer et 
al., 2018). In various human cancers, many chromosomes are lost or gained, and loss of Chr-5 is 
commonly seen in gastric, esophageal, lung, ovarian and breast cancer (Johannsdottir et al., 2006; 
Mendes-da-Silva et al., 2000; Michelassi et al., 1989; Ogasawara et al., 1996; Tavassoli et al., 
1996).  Here, we describe a chromosome-5 (Chr-5) reporter in live human-derived cells with 
detailed copy number characterizations and perturbations, followed by corresponding gene 
expression assessments and sample studies both in vitro and in vivo (Xia et al., 2018d). 
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4.2 Results 
4.2.1 Loss of chromosome 5 reporter in live cells 
We hypothesized that fusing a GFP variant protein to a housekeeping gene in one allele 
of Chr-5 will allow us to look for loss of the fluorescent signal and relate to loss of all or part of Chr-
5 (Fig. 4.1A). The lung cancer line (A549) is hypotriploid, and one of the three copies of Chr-5 is 
gene-edited with RFP fused to the N-terminus of a housekeeping protein while protein from the 
other two Chr-5s is unaltered (Fig. C1A). Modified cells all express RFP signal after cell sorting. 
After weeks in standard culture, however, some RFP-neg cells were evident as viable colonies with 
no obvious growth defects (Fig. 4.1B). RFP-neg cells were clonally expanded for genomic 
characterization in order to test our hypothesis.   
Karyotyping of ten metaphase spreads showed 90% of RFP-neg cells with only two copies 
of Chr-5 whereas RFP-positive cells always showed three copies (Fig. 4.1C). Karyotype variation 
in the bulk population of RFP-pos otherwise reflects the genomic instability of these cancer cells 
(Fig. 4.1C), and even in clonal RFP-neg cells, the one month of culture needed for clonal expansion 
reveals a loss of Chr-12 in cell #1 and a revertant gain of Chr-5 in cell #10 (Fig. 4.1C). To confirm 
the loss of RFP, PCR used one primer in the RFP region and a second primer in the native fused 
gene:  no band is detected in RFP-neg cells compared to RFP-pos, and the sensitivity is ~1:1000 
or better (Fig. C1B). 
SNP (Single Nucleotide Polymorphism) array analysis for copy number changes (Irianto et 
al., 2017) again reveal Chr-5 loss in RFP-neg clones (Fig. 4.1D). A few differences between 
karyotyping and SNP arrays include only one Chr-6 in metaphase spreads of RFP-neg cells (Fig. 
4.1C,D), but detailed analyses indicate a translocation of Chr-6 to Chr-1. Unidentified 
chromosomes in karyotyping will also be detected in SNP arrays such as the gain of chromosome 
segments on chr-3 (Fig. C1C). Regardless, after correction and subtraction of RFP-pos from RFP-
neg, the two methods agree with each other (Fig. C1C-bottom) and consistently show loss of RFP 
signal in cells correlates with a loss of Chr-5 (Fig. 4.1C&D, C1C-bottom).  
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4.2.2 Reversine & DNA repair factor knockdown increase RFP-neg cell 
numbers 
In normal cells, mis-segregation of chromosomes is prevented by the spindle assembly 
checkpoint (SAC), which inhibits mitotic exit until all chromosomes have achieved bipolar 
attachment to spindle microtubules (Barbosa et al., 2011; Lara-Gonzalez et al., 2012). Reversine 
perturbs SAC and drives appearance of RFP-neg cells in a dose-dependent manner easily 
quantified by flow cytometry (Fig. 4.1E), which suggests a loss of Chr-5. Depletion of DNA repair 
factors upon nuclear envelope rupture causes excess DNA damage and might also produce copy 
number changes (Irianto et al., 2017; Xia et al., 2018b). Knockdown of multiple DNA repair factors 
(i.e. KU80, BRCA1, and BRCA2) indeed drives increased genomic heterogeneity in the samples 
(Fig. C2) and ~3-fold more cells become RFP-neg (Fig. 4.1F). Combination of this knockdown with 
reversine suggests an additive effect (Fig. 4.1F), consistent with orthogonal functions of SAC and 
DNA repair in genomic stability.  
Dividing cancer cells exhibit ~10% abnormalities in a standard assay for lagging 
chromosomes (Fig. 4.1G), which may explain the appearance of ~0.5% RFP-neg cells in long-term 
cultures of pure RFP-pos cells (Fig. 4.1E&F). However, such aneuploidy increases to nearly ~40% 
(~3 fold) after reversine treatment or knockdown of DNA repair factors (Fig. 4.1G). The fold increase 
in mitotic errors is consistent with the fold-increase in RFP-neg cells under the same perturbation 
(Fig. 4.1F).  
 
4.2.3 Gene expression correlates with chromosome numbers  
Cell-to-cell variations in epigenetic states generally add complexity to gene expression 
profiles, but copy number variation seem detectable in transcript profiles per a ‘gene dosage’ effect 
(Raznahan et al., 2018) (Gao et al., 2016). To minimize complexities of cell-to-cell variation, single 
cell RNA-seq was applied to four RFP-neg clones and four RFP-pos clones as two mixtures. 
Chromosome copy numbers of eight clones were also assessed by SNP array and again show loss 
of one copy of three Chr-5’s in RFP-neg cells (Fig. C3). Single cell RNA-seq showed 7385 genes 
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account for >95% of total reads, which were normalized by Transcripts Per Kilobase Million (TPM) 
(Hwang et al., 2018; Vallejos et al., 2017). Comparing RFP-neg and RFP-pos cells reveals a Chr-
5 specific, chromosome-wide decrease in gene expression (by ~1/3rd) at both single cell and bulk 
levels (Fig. 4.2A).  
Single cell RNA-seq has been applied to distinguish different cell types in tissues as these 
cells typically have distinct gene expression profiles, and the results can be validated by means 
such as marker-specific immunostaining (Przepiorski et al., 2018). RFP is the principal marker here, 
but heterogeneity due to the mixture of four RFP-neg clones can also be identified using t-SNE and 
k-means analysis (Fig. 4.2B) (Grün et al., 2015). A large intermingled population in t-SNE and k-
mean plots is likely due to two RFP-neg clones having an identical genome (Fig. 4.2B-ii&C-i). 
However, loss of chr-17 in a separate population and loss of chr-8, 15 and 19 in the another 
population correlate well with each genotype as well (Fig. 4.2Ci-ii). The “Chr-5 reporter system” 
thus suggests that single cell RNA-seq can clarify gene dosage and separate cancer cell sub-
populations with minor difference in genotypes.  
 
4.2.4 Phenotypic differences can also associate with genotypic 
differences  
Although the four RFP-pos clones exhibit similar genotypes, clone-1 uniquely gains a 
chromosome 7 q-arm (Fig. 4.3A). The copy number changes in chromosome 7 have been seen in 
many diseases such as 7q11.23 duplication syndrome and Williams-Beuren syndrome, which 
causes delayed cell growth and neurological problems (Berg et al., 2007; Sanders et al., 2011). 
Cells in clone-1 exhibit slightly delayed proliferation and less spindle-polraized morphology (Fig. 
4.3B,C). As cell migration requires polarization (Ridley et al., 2003), live imaging was done on 
sparse culture. Clone-1 proves to be less migratory than any other clone, with no directional bias 
obvious in any clone (Fig. 4.3D). Although further bioinformatic analysis is required to resolve 
mechanism(s) linking genotype and phenotype, we had shown in a similar study that an extra copy 
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of Chr-8 increases GATA4, which promotes microtubule assembly, spindle shapes, and faster 
migration in 3D (Irianto et al., 2017).  
 
4.2.5 Normal diploid iPS cells may lose chromosomes in vitro and in vivo  
Cancer cells typically possess intrinsic genomic instability and tend to gain or lose 
chromosomes (Negrini et al., 2010) – such as Chr-5 in culture (Fig. 4.1A,B). In comparison, iPS 
cells derived from a young adult human with similar gene editing of Chr-5 are stable, showing 100% 
GFP-pos after weeks of culture. SNP array analysis of bulk cultures also show no copy number 
variation. Synchronizing cell cycle of iPS cells by nocodazole causes severe cell death and the 
remaining survivors do not divide even after release. However, iPS cells survived reversine 
treatment for a few passages, and some GFP-pos iPS cells became GFP-neg based on both flow 
cytometry and imaging (Fig. 4.4A).  
Our GFP-pos iPS cells grow robustly in clusters and double every 12 hrs in standard 
culture, but GFP-neg iPS cells do not persist (Fig. 4.4A). This is probably because 1) normal cells 
intrinsically lose survivability after chromosome loss (Teng and Hardwick, 2015), and 2) a standard 
culture environment on Matrigel-coated plastic is not suitable to support genomically-aberrant cells. 
In particular, aged mouse-iPS cells with genomic instability can be diverted into apoptosis by 
improving the DNA damage response with ‘simple’ addition of a cell-permeable antioxidant during 
reprogramming (Skamagki et al., 2017). This exciting, recent finding did not address, however, 
whether abnormal genomes in the source cells (eg. fibroblasts) are the origins of the genomic 
changes in the iPS cells – as often proposed.  
Teratomas in an NSG mouse were made by subcutaneous flank injections of the iPS cells 
following other studies (Gutierrez‐Aranda et al., 2010; Nelakanti et al., 2015). After 4 wks, cells 
dissociated from teratoma and other tissues such as brain were analyzed by flow cytometry or else 
cultured on Matrigel-coated plastic. Mouse and human cells can be clearly distinguished by anti-
human antibody based on control studies with mouse melanoma-derived B16F10 cells (Fig. C4A). 
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Using the same staining and flow cytometry settings, GFP-neg iPS cells were detected by both flow 
cytometry and imaging (Fig. 4.4B,C). Cells seem to have differentiated already as abundant lamin-
A is seen and they no longer grow in clusters (Fig. C4B). All isolated GFP-neg cells from the 
teratoma again died by 2 wks in culture, even though most of the isolated GFP-pos iPS cells remain 
viable in culture. Nonetheless, the appearance of GFP-neg iPS cells at least suggest some stresses 
in vivo are sufficient to cause aneuploidy among normal iPS cells – even though loss of all of part 
of or the entire Chr-5 must be assessed by methods above. 
 
4.3 Discussion 
The chromosome reporter in live cells demonstrated here has the potential for the study of 
factors that cause copy number changes in both cancer cells and normal cells. Although we only 
show Chr-5 loss in our characterization, Chr-5 gain is also detectable in theory. Ultimately, if one 
can label all chromosomes with different colors, then all chromosomes can be monitored 
simultaneously. Although there is a correlation between copy number changes and gene 
expression, the change is usually ~30-50% when a gain or loss of the chromosome is seen. Many 
cancers cells indeed express markers that are many times more than that in normal cells, which 
may not be a simple effect caused by chromosome changes, but more complicated secondary 
responses may be involved to cause the issues and could be illuminated by the approaches here.   
 
 
 
 
 
 
101 
 
4.4 Materials and Methods 
4.4.1 Cell Culture 
A549 cells were cultured in F12 media (A549), supplemented with 10% FBS and 1% 
penicillin/streptomycin under 37oC and 5% CO2 as recommended by ATCC. When drug treatment 
is required, 1.5µM reversine was used for 24 hrs, followed by releasing for 48 hrs. If imaging on 
mitotic cells is needed, after DMSO or reversine treatment, the media was replaced with 1.5µg/ml 
Nocodazole for 18 hrs and released in pure media for 1 hr.  
All iPS cells were cultured in mTeSR1 medium, supplemented with 5X growth factors, 
incubated at 37°C and 5% CO2. Plastic well plates were coated with Matrigel in DMEM media for 
1 hr before cells were plated. 
 
4.4.2 Immunostaining  
Cells were fixed in 4% formaldehyde (Sigma) for 15 minutes, followed by permeabilization 
by 0.5% Triton-X (Sigma) for 15 minutes, and blocked with 5% BSA (Sigma) for 30 minutes and 
overnight incubation in primary antibodies (anti-human). The cells were then incubated in 
secondary antibodies (1:500 ThermoFisher) for 1.5 hours, and their nuclei were stained with 8μM 
Hoechst 33342 (ThermoFisher) for 15 minutes. When mounting is involved, Prolong Gold antifade 
reagent was used (Invitrogen, Life Technologies). 
 
4.4.3 Imaging   
           Conventional epifluorescence images were taken using an Olympus IX71 microscope—with 
a 40x/0.6 NA objective—and a digital EMCCD camera (Cascade 512B, Photometrics). Confocal 
imaging was done on a Leica TCS SP8 system with a 63x/1.4 NA oil-immersion objective. Scanning 
electron microscopy (SEM) of etched Transwell membranes was performed with an FEI Quanta 
600 FEG Mark II ESEM, operated in wet environmental mode. 
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4.4.4 Transfection in U2OS Cells  
           All siRNAs used in this study were purchased from Dharmacon (ON-TARGETplus 
SMARTpool siBRCA1, L-003461-00; siBRCA2, L-003462-00; siKu80, L-010491-00).  A549 cells 
were passaged 24 hours prior to transfection. A complex of siRNA pool (25 nM each) and 1 µg/mL 
Lipofectamine 2000 was prepared according to the manufacturer’s instructions and incubated for 
3 days (for siRNAs) in corresponding media with 10% FBS. Knockdown efficiency was determined 
by Immunoblot following standard methods (Xia et al., 2018b). 
 
4.4.5 Flow Cytometry / Sorting  
               For flow cytometry, A549 cells were dissociated using 0.05% trypsin for 5 min, washed in 
PBS, and re-suspended in 5% FBS in PBS. Samples were run on a BD LSRII Flow Cytometer. 
               For sorting, cells were prepared in the same way as flow cytometry, except that cells were 
kept sterile. FACS Aria (BD Biosciences) was used to sort. Sorted cells were collected in 15ml 
centrifuge tubes, with 10% FBS and 1% P/S in corresponding media (complete media as described 
in cell culture section). Sorted cells were then centrifuged with 3000 rpm for 5 min and cultured 
back in T25 or T75 flasks.  
               If immunostaining is need for flow cytometry, cells were washed with PBS after 
trypsinization, resuspended in 5% BSA in PBS and put onto a rotator for 15min. Cells were then 
centrifuged, supernatant discarded; the same process was applied with 1:500 FC receptor in 5% 
BSA. Next, cells were resuspended in 1:500 primary antibody (anti-human), left on rotator for 20 
min, centrifuged, supernatant discarded, and washed once with 1%FBS in PBS. The same process 
was repeated for secondary antibody, also at 1:500 dilution. Finally, cells were resuspended in 5% 
FBS with PBS, and run on flow cytometer as described before. 
 
4.4.6 Karyotyping  
               Cells used for karyotyping were plated in T25 flasks, cultured for 2-3 days to reach half 
confluency. The media was then discarded and replaced with new media to fill the entire flask with 
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a closed lid, wrapped with parafilm. The samples were then sent to a company to conduct 
karyotyping. 
 
4.4.7 Genome (SNP array) Analysis  
               DNA was isolated with the Blood & Cell Culture DNA Mini Kit (Qiagen) per manufacturer’s 
instruction. The same DNA samples were sent to The Center for Applied Genomics Core in The 
Children’s Hospital of Philadelphia, PA, for Single Nucleotide Polymorphism (SNP) array 
HumanOmniExpress-24 BeadChip Kit (Illumina). For this array, >700,000 probes have an average 
inter-probe distance of ~4kb along the entire genome. For each sample, the Genomics Core 
provided the data in the form of GenomeStudio files (Illumina). Chromosome copy number and 
LOH regions were analyzed in GenomeStudio by using cnvPartition plug-in (Illumina). Regions with 
one chromosome copy number are not associated with LOH by the Illumina’s algorithm. Hence, 
regions with one chromosome copy number as given by the GenomeStudio are added to the LOH 
region lists. SNP array experiments also provide genotype data, which was used to give Single 
Nucleotide Variation (SNV) data. In order to increase the confidence of LOH data given by the 
GenomeStudio, the changes in LOH of each chromosome from each sample were cross referenced 
to their corresponding SNV data. After extracting data from GenomeStudio, all data analysis was 
done on Matlab. 
 
4.4.8 Polymerase Chain Reaction  
               DNA was extracted as described in “SNP array section”. The isolated DNA was then 
mixed with materials from KAPA HiFi PCR Kit to start PCR: Each reaction contains 5µL 5X HiFi 
Fidelity Buffer, 0.75µL 10mM KAPA dNTP Mix, 0.5µL 1U/µL KAPA HiFi DNA Polymerase, 0.75µL 
of 10µM forward and reverse primers, respectively, and 1ng of extracted DNA template. PCR grade 
water was then filled up to 25µL. All materials suggested by the kit were placed on ice prior to 
mixing. The reaction mix was placed on the thermocycler with the following temperature cycling 
protocol: Initial denaturation at 95 oC for 3 min; 35 cycles of denaturation at 98 oC for 20 sec, 
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annealing at 65 oC for 15 sec, extension at 72 oC for 15 sec; final extension at 72 oC for 1 min. 
Afterwards, PCR products were loaded on 1.2% agarose E-gel with Ethidium Bromide and run for 
30 min. Images were taken by placing the gel under GENE Flashing UV source. 
 
4.4.9 Single cell RNA-seq  
               A549 cells from four positive clones and four negative clones were plated in 96 well plate 
at 150 K cells/well, respectively, and cultured for 2 days. The positive sample is a mixture of four 
positive clones, and the negative sample is a mixture of four negative clones. Two samples were 
submitted to Center for Applied Genomics (1014, Abramson Research Center, University of 
Pennsylvania) for single cell RNA sequencing. Analysis was done in either R or Matlab. 
 
4.4.10 Teratoma in vivo  
               For each injection, iPS cells were suspended in 300 μL ice-cold PBS and 30% Matrigel 
(BD) and injected subcutaneously into the flank of non-obese diabetic/severe combined 
immunodeficient (NOD/SCID) mice with null expression of interleukin-2 receptor gamma chain 
(NSG mice) (Alvey et al., 2017). Mice were obtained from the University of Pennsylvania Stem Cell 
and Xenograft Core. All animal experiments were planned and performed according to IACUC 
protocols. The teratoma were grown for 4 weeks and cells from teratoma and other tissues were 
then isolated for culture and flow cytometry. 
 
4.4.11 Statistical Analysis  
               All statistical analyses were performed using Excel (2013; Microsoft) or MATLAB. Unless 
otherwise noted, statistical comparisons were made by unpaired two-tailed Student’s t tests and 
were considered significant if p < 0.05. Unless mentioned, all plots show mean ± SEM. n indicates 
the number of samples, cells, or wells quantified in each experiment. 
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Figure 4.1. The design and characterization of Chr-5 reporter. 
(A) A housekeeping on one of the Chr-5s is fused with a RFP sequence at N terminus, so that cell 
(A549) will be RFP-pos when the protein is expressed. RFP signal will disappear when the modified 
Chr-5 is lost.  
(B) Viable colonies are seen among RFP-pos and RFP-neg cells.  
(C) Karyotyping shows Chr-5 loss in RFP-neg cells based on metaphase spreads. Heterogeneity 
is observed when comparing 10 metaphase spreads of bulk RFP-pos cells. Clonal RFP-neg cells 
after one-month culture exhibit some level of heterogeneity such as a loss in chr-12 (cell#1) and a 
reverter in Chr-5 (cell#10).  
(D) SNP array confirm Chr-5 loss in RFP-neg cells.  
(E) Reversine treatment leads to increased RFP-neg cell numbers in a dose-dependent manner. 
(F) knockdown of DNA repair factors increases RFP-neg cell numbers. Combining reversine and 
DNA repair knockdown has an additive effect suggesting two pathways may function orthogonal to 
maintain genomic stability.  
(G) Aneuploidy is seen at ~10% among A549 during mitosis. However, reversine and knockdown 
of DNA repair factors causes ~3 times more occurrence of aneuploidy, consistent with the fold 
change in RFP-neg cells. 
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Figure 4.2. Single cell RNA-seq reveals chromosome-dosage effect.   
 (A) After calculating TPM and the ratio of RFP-neg/RFP-pos of 7385 genes, RFP-neg cells show 
chromosome-wide decrease in gene expression at both bulk and single cell level consistent with 
the gene dosage hypothesis.  
(B) Combing t-SNE and k-means analysis, single cell RNA-seq recapitulates known heterogeneity 
in the original samples.  
(C) The gene expression of each subpopulation matches well with corresponding genotype. The 
box labels two clones that have identical genome, which explains the mingled population in B-ii. 
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Figure 4.3. Clones with genomic variation exhibit phenotypic changes 
 (A-C) Comparison within 4 RFP-pos clones indicates clone-1 has a gain on chr-7 q-arm. Clone-1 
cells are more rounded, proliferate slightly slower and grow in clusters.  
(D) Live imaging of the 4 clones shows clone-1 is less migratory. No directional preference in 
migration is observed in any clone. 
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Figure 4.4. Normal iPS cells lose GFP signal in vivo. 
(A) Normal diploid iPS cells with similar gene editing on Chr-5 shows 100% GFP-pos. However, 
loss of GFP signal is seen after reversine treatment, confirmed by both flow cytometry and 
microscopic images. These GFP-neg iPS cells suffer from survivability after days of culture. Scale 
bar: 10 µm.  
(B) iPS cells grow into teratoma in subcutaneous sites in mice. GFP-neg cells in vivo are confirmed 
by flow cytometry and immunofluorescence. 
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CHAPTER 5  
 
Conclusions and future work:  
Cancer cell genomics 
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5.1 Conclusions 
It has been observed for years that tumors on stiffer tissues in general bear more genomic 
variations than ones on soft tissues (Pfeifer et al., 2017). However, whether or how the mechanical 
properties of the microenvironment contributes to the development of such genomic alteration is 
still understudied. Mis-localization of DNA repair factors in stiff tumors and in laminopathy patients 
has also been reported previously (Alshareeda et al., 2016; De Vos et al., 2011), but it is difficult 
for one to capture all of these separate publications and draw conclusions without a systematic 
study. Cell migration through narrow constrictions seems to be a key intermediate step that links to 
both genomic variation and microenvironment (Irianto et al., 2017). Therefore, we provided an 
integrated study here focusing on constricted migration to bridge pieces of evidence from individual 
observations and explain the connection in detail. 
 Cell migration through narrow confinement has been commonly seen in vivo. We therefore 
adopted a Transwell system in vitro to mimic such biophysical process (Harada et al., 2014). After 
constricted migration, we see nuclear envelope rupture across multiple cell types including cancer 
cell lines and primary mesenchymal stem cells (Irianto et al., 2017). At the same time, a temporary 
elevation of DNA damage throughout the nucleus is evident. After repetitive constricted migration, 
permanent genomic variation as well as phenotypic changes are detected based on SNP array and 
live cell monitoring on clones (Irianto et al., 2017). Surprisingly, no altered level of MMP secretion 
has been noticed in such process, which suggests cells not always attempt to degrade matrix when 
encounter a physical barrier during migration (Harada et al., 2014).  
 There are three unknown processes in constricted migration: 1) how nuclear envelope 
rupture occurs; 2) how DNA damage arises, and 3) how DNA damage propagates to copy number 
variations. In order to resolve the first two questions, we performed a step-by-step study on 2D 
culture to dig into the mechanism. In 2D reductionist system, knockdown of lamin-A weakens the 
mechano-protection layer of the nucleus, so that rupture usually occurs when high curvature region 
is introduced (by AFM, collagen film or myosin-ii related stress). Afterwards, DNA repair factors 
leak out to the cytoplasm for 5-6 hours, which is quite long comparing to the time scale required to 
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repair DNA, as UV or drug-induced DNA damage can be repaired significantly within 2-3 hours. 
We therefore consider such diminishment of DNA repair after rupture can be key to the rupture-
induced DNA damage. We overexpressed KU70, KU80 and BRCA1 in the same cells to over-
saturate both non-homologues end joining and homologues recombination, hoping there are still 
enough essential DNA repair factors in the nucleus even after rupture. Interesting, our attempt 
rescues DNA damage in ruptured cells. A delay in cell cycle progression has also been seen after 
constricted migration, but simply rescuing rupture cannot restore the cell cycle delay. Our further 
study indicates this is due to increased oxidative damage after constricted migration, so that adding 
antioxidant and blebbistatin together eventually effectively rescues both DNA damage and cell 
cycle defect.  
 We have a series of studies dissecting the causality of nuclear envelope rupture and the 
occurrence of DNA damage, but the connection from DNA damage to genomic variation (copy 
number change) is still missing. Therefore, we developed a reporter system to track such 
chromosomal changes in live cells. We haven’t revealed the mechanism for the final step yet, but 
at least the reporter system functions properly now and is ready for future studies.  
   
5.2 Future directions 
Constricted migration is a new area starting from 2010s (Harada et al., 2014) and has 
drawn substantial attention in the past 5 years. Significant amount of observations has been made 
so far, but the corresponding mechanisms remain understudied. Cytoplasmic protein cGAS always 
binds to DNA at the nuclear blebs (rupture sites) after constricted migration, but whether the binding 
can trigger inflammatory response is still unknown. Chromatin is more acetylated at the blebs 
indicating more open structures, but whether transcription can start in the blebs has not been 
studied. Transcriptional factors theoretically should mis-localize to the cytoplasm together with DNA 
repair factors after rupture, but the downstream effects such as impact on differentiation have not 
been reported (Smith et al., 2019). 
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Another interesting question is whether genomic heterogeneity after repetitive constricted 
migration is caused by mutation or selection. An increasing number of studies including single cell 
DNA sequencing shows at least cancer drugs can possibly 1) lead to copy number 
changes/mutations that causes the drug resistance (mutation theory), and 2) kill the major 
populations but leave minor resilient populations to re-populate (selection theory) (Kim et al., 2018). 
However, there is still no black-and-white method to distinguish one from the other under a certain 
perturbation due to technology limitations, so that the results still have to rely on statistics.  
There is a traditional practice that has been used for years: it requires a clonal population 
to start with, and then assay whether new genotypes can be detected after perturbations. However, 
with improvement of accuracy in genomic assays, recent studies have solidly confirmed it is 
impossible to expand a single cell to a clone without introducing genomic variation, especially in 
cancer cell lines (Xia et al., 2018d). A549 cells, as an example, have developed copy number 
changes in 20% of the population within one month of single cell expansion, confirmed by 
karyotyping (Xia et al., 2018d).  As there is no absolute homogeneous population or clone to start 
with, appearance of new genotypes is not a solid evidence for mutation theory. Therefore, it is not 
reliable to apply traditional bulk/clone approach and draw conclusions based on statistics of limited 
clones. Maybe a higher throughput method is single cell sequencing. However, whether 100 cells 
or so can capture all genomic features in the starting population is still unknown, and eventually 
the conclusion should still rely on statistical analysis. Thus, a reporter system like the one described 
in Chapter 4 is required to track the kinetics of genomic variation so that one can have more 
confidence distinguishing mutation vs selection.  
Besides understanding cancer evolution after constricted migration, the cancer initiation 
step is another interesting topic as normal MSCs also experience nuclear envelope rupture and 
DNA damage during such process. Normal cells do not usually persist genomic variation due to 
robust checkpoint regulation, apoptosis pathways and DNA repair machinery so that gnomically 
altered cells usually die (Xia et al., 2018d). Interestingly, a “step function” type of rise in genomic 
variation is seen in the mixture of normal and aneuploidy cells. In contrast, cancer cells are more 
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likely to exhibit a gradual increase (Gao et al., 2016). Therefore, besides focusing on the gradual 
genomic evolution of cancer cells, the jump in genomic variation in the tumor initiation step is also 
crucial. Therefore, it might be interesting to migrate normal cells and study the corresponding 
consequences.  
New technologies have been developed rapidly to satisfy genomic studies. Looking at 
several genes at a time in bulk culture can be achieved by PCR and sequencing. However, bulk 
sequencing always averages the population so that genomic heterogeneity is lost due to the nature 
of the method, especially when the minor gnomically altered population or drug resistant population 
is key. Single cell sequencing has been developed these days to resolve this issue. However, the 
single cell sequencing technology is more mature in RNA-seq as polyA tails makes RNA easy to 
be captured and manipulated (Gawad et al., 2016). Fortunately, due to the gene dosage effect, the 
copy number changes can be reflected by simply looking at RNA expression level on each 
chromosome (Yuan et al., 2018). If the single cell RNA-seq is deep enough, one can even 
distinguish cells within the same cancer cell type but only one or two chromosomes apart (Xia et 
al., 2018d). Another and more direct approach is single cell DNA sequencing (Navin et al., 2011). 
Now, in order to detect copy number changes, a few % of reads on genome is usually sufficient. 
However, the throughput is still a limiting factor (~hundreds of cells) comparing to RNA seq 
(>thousands of cells). Another problem for single cell DNA sequencing is the coverage. In order to 
look at mutations, a few % coverage for sure is not enough. MissionBio has developed an PCR-
based microfluidics (droplet) system to read a few genes simultaneously among ~thousand cells 
(Pellegrino et al., 2018), but this is still far from needs. Furthermore, single cell sequencing can 
only reflect a cell’s genome at a certain time point, so that the kinetic studies are impossible.  
An alternative system to look at copy number changes is our chromosome reporter system. 
This system allows us to track genomic changes in both cancer and normal cells in live without 
relying heavily on statistics. The throughput can be very high if combined with flow cytometry or 
screening. The cost is almost negligible comparing to single cell sequencing, which makes our 
genomic studies of constricted migration more cost effective. Although we can only trace Chr-5 at 
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the moment, the system has a potential to partner with single cell sequencing methods and only 
sample gnomically altered cells (to save cost). In the future, we plan to label multiple chromosomes 
so that the system can be applied to a broader content.      
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Figure A.1. Lamin-A knockdown can affect: cell growth, sustained but rapid mis-localization 
of multiple repair factors (unlike YFP-NLS), and DNA damage. 
 
(A) ~90% lamin-A protein is depleted after siRNA treatment against LMNA. n=3 expt. 
(B) Bright-field image shows that U2OS cells are elongated and aligned on the collagen film. 
(C) U2OS cells were transduced with shLMNA via lentiviral delivery. Some heterogeneity in lamin-
A levels were observed after shLMNA transduction, but the  higher lamin-A population dominate 
after long-term culture. 
(D) No difference in proliferation rate was observed between A549 Ctl and shLMNA cells. N = 5 
expt. 
(E) ~20% A549 shLMNA cells show mis-localization of KU80 when cultured on plastic. n > 5 fields 
of view per group in 5 expt. 
(F) Comet assay shows higher DNA damage level in A549 shLMNA cells. n >100 nuclei in 3 expt., 
*p<0.05. 
(G) KU80 is still in the cytoplasm when YFP-NLS is fully within the nucleus, indicating that YFP-
NLS may recover` faster than KU80 after rupture. In contrast, both GFP53BP1 and KU80 are seen 
in cytoplasm together (bar graph), indicating these two may recover at similar rate.  
(H) Mis-localization of GFP-53BP1 is more frequent for low lamin-A cells in both live imaging and 
fixed samples.  n > 50 cells per group from 5 expts, *p<0.05. 
(I) Cells imaged in real-time for GFP-53BP1 mis-localization were fixed and immunostained for 
another DNA repair factor, KU80, as well as Lamin-B (LMNB). The lamina is locally disrupted and 
KU80 is also mis-localized.  
Scale bars for G,I,10 μm. Data are present as mean ± S.E.M. 
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Figure A.2. Many repair factors mis-localize, their partial knockdown increases DNA damage, 
and actomyosin inhibition favors rapid nuclear rounding without affecting repair factor 
levels.  
(A) Mis-localization of KU70, KU80, RPA2, 53BP1, BRCA2 is seen in ruptured A549 shLMNA 
nuclei.  
(B) Knockdown of KU80 and BRCA1 causes an increase in DNA damage level, which can be 
rescued to Ctl level by GFP-KU80 or BRCA1 overexpression, respectively. The ‘Sum’ bar 
represents the summation of basal γH2AX foci count and the increase of foci count by siKU80 and 
siBRCA1 treatments, suggesting an additive effect of these knockdowns. n > 100 nuclei in 3 expt., 
*p<0.05  
(C) Overexpression levels in GFP3 U2OS cells. N = 3 expt. 
(D) Either knockdown or overexpression of 53BP1 does not change γH2AX foci count. n > 100 
cells in 3 expt. 
(E) Lamin-A level of A549 Ctl cells are mechanosensitive, but A549 shLMNA cells have low lamin-
A even on stiff substrate. 
(F) Nuclear Circularity vs. Nuclear Area of A549 Ctl and ShLMNA cells on plastic with/without 
blebbistatin treatment. Nuclear circularity decreases after siLMNA in U2OS cells. n > 50 cells per 
group in 3 expt, *p<0.05 
(G) Comparied to A549 Ctl, protein levels of BRCA1 and 53BP1 in A549 shLMNA cells are lower, 
but KU80 level remain constant. n > 3 westernblots, *p<0.05 
(H) Total KU80 level in A549 Ctl and shLMNA cells stay constant before and after blebbistatin 
treatment. n >150 cells in 3 expts, *p<0.05 
(I)  Total levels of BRCA1, KU80, 53BP1 stay constant in A549 Ctl and shLMNA cell regardless of 
varying matrix stiffness (soft = 0.3kPa and stiff = 40kPa). n > 150 cells in 2 expt. 
Scale bars for A,C,10 μm. Data are present as mean ± S.E.M. 
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Figure A.3. Increased actomyosin stress can increase: nuclear curvature, frequency of 
nuclear envelope rupture and DNA damage without affecting cell cycle. 
 
 (A) Compared to dominant negative mutant (myosin-IIA-Y278F), overexpression of myosin-IIA or 
-IIB in wildtype U2OS cells increases nuclear rupture (i) and DNA damage (ii, iii). Blebbistatin 
treatment rescues the nuclear rupture and excess DNA damage. (iv) Blebbistatin treatment leads 
to more rounded nuclei, as shown by the increased nuclear circularity and reduced nuclear area 
(log scale). n >100 cells per condition in 4 expt., *p<0.05. Scale bar = 10 μm. 
(B) Blebbistatin treatment does not affect cell cycle in both A549 Ctl and shLMNA cells. n > 150 
cells per condition in 3 expt. 
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Figure B.1. Phospho-Lamin-A, MTOC, and Myosin-II effects in and on constricted migration 
and/or rupture.  
 
(A) GFP-S22A-LMNA accumulates in nuclear blebs over time, causing the bleb-to-nucleus GFP 
intensity ratio to increase after bleb formation (n=3 cells, *p<0.05).  
(B) Immunostaining of nuclei on the Bottom of a 3µm pore filter indicates enrichment of lamin-A but 
not lamin-B or pSer22-lamin-A in nuclear blebs (n>5 cells, *p<0.05).  
(C) MTOC staining (pericentrin) is confirmed to be clean, as MTOCs can be clearly seen in mitotic 
cells. Some nuclei on the Bottom of a 3µm pore filter do not have visible MTOCs (lower image, 
yellow arrow), giving Bottom a lower MTOC-per-nucleus rate than Top (bar graph). This lower rate 
occurs because the MTOC is not typically oriented towards the leading edge of a pore-migrating 
U2OS nucleus. Hence, in nuclei that are just emerging from pores, MTOCs are not visible on the 
membrane Bottom. As nuclei emerge further, some MTOCs become visible outside the pore 
(images of “Half-out Nucleus”). Once the whole nucleus has completely migrated, the MTOC is 
invariably seen on Bottom (right plot, >48 cells per condition, n>=3 expt, *p<0.05).  
(D) (i) Representative images show U2OS nuclei after migration through 3µm pores. Blebbistatin 
(MYO-i) was added either only on Top of the 3µm pore filter (left) or only on Bottom (right). (ii) 
When added only to the Top or Bottom of a Transwell pore filter, small molecules such as the cell-
permeable dye CFDA do not severely cross to the other side of the filter (n=3 expt).  
(E) A representative immunofluorescence image shows a ruptured control (Ctl) nucleus with mis-
localization of endogenous KU80 from the nucleus into the cytoplasm. After MYO-i treatment, 
rupture is rescued, as KU80 does not mis-localize. 
(F) Representative images show DNA and DNA damage in 3µm pore-migrated cells with and 
without MYO-i treatment. 
(G) EdU was added to 3 and 8 µm pore membranes for 1 hr just before the membranes were 
formaldehyde-fixated and immunostained; EdU-labeled cells were stained by a “click” chemistry 
reaction. The average EdU intensity of individual cells—measured by immunofluorescence 
microscopy—was used to identify cells in the S phase of cell cycle, while total DNA intensity 
distinguished non-replicated (‘2N’) genomes from twice-larger, fully replicated (‘4N’) genomes. In 
this way, all cells on the Top and Bottom of the Transwell membranes were classified as G1, early 
S (eS), late S (lS), or G2. Intensities are normalized to max. values. In 2D culture, 2N and 4N cells 
can be clearly separated based on the valley between two DNA peaks. Blebbistatin does not affect 
cell cycle as 2N and 4N populations stay the same in Ctl and MYO-i groups after 24hr treatment 
(n=3 expts).  
(H) Dash line outlines a representative mitotic C2C12 cell with integrated tdTomato signal on 
bottom of 8μm Transwell. All scale bars are 10 µm. 
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Figure B.2. Repair factors, ROS, MYO-I effects on DNA damage and cell cycle, including use 
of etched pores for migtation.  
 
 (A) Quantification of overexpression level by either western blot or immunofluorescence (n=3 
expts). 
(B) H2O2 (370µM, 30min) severely damages DNA. (i) Yellow dots are foci recognized automatically 
by ImageJ algorithm and labelled. (ii) DNA fragments are detected by electrophoretic comet 
assays: nuclei isolated after H2O2 treatment show more of a cathode-shifted centroid of DNA with 
a higher mean displacement (inset images) as compared to nuclei isolated from NT and GSH-MEE 
groups (50-100 cells per condition, n=3 expt, *p<0.05). DNA damage measured in parallel for 
γH2AX foci and comet distance shows a linear correlation. The excess damage can be partially 
rescued by adding 1mg/mL GSH-MEE (200-700 cells per group, n>3 expt, * p<0.05). Scale bar= 
10µm  
(C) FITC-labeled avidin has a high specific affinity for 8-oxoguanine, an oxidized base in DNA. Half-
hour incubation with 60 or 600 µM H2O2 results in elevated nuclear FITC-avidin signal, suggesting 
increased oxidative stress (>120 cells per group, *p<0.05, n=2 expt).  
(D) Co-overexpression of KU70, KU80 and BRCA1 (KUsBR) reduces H2O2-induced DNA damage, 
though not to the basal level measured in non-transfected (NonTrans.) cells without H2O2 (28-132 
cells per condition, n= expt, *p<0.05). 
(E) Alkaline comet assay confirms DNA damage is higher on bottom of 3μm Transwell, and such 
damage can be rescued by GSH+MYO-i. Neutral comet confirms DNA damage is higher on bottom 
of 3μm Transwell. Etoposide is used as a positive control.  
(F) Commercially available (Corning) and custom-etched Transwell membranes were imaged by 
confocal microscopy, and their pore diameters were measured in ImageJ. For every membrane, 
the measured pores are highly uniform in size—based on low standard deviation—and match 
expected diameter values. (1 Transwell per condition; n=100 pores for the 3 µm commercial and 4 
deviation.) Histograms show tight pore diameter distributions for the 3 µm commercial and 4 and 5 
µm etched membranes.  
(G) (i) Data points in Fig.3.3E are plotted with error bars. (ii) Linear fit has a low R2 versus sigmoidal 
fits. 
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Figure B.3. Nuclear envelope rupture frequency correlates moreso with curvature and 
pressure than with applied tension.  
 
(A) After detachment and latrunculin treatment, U2OS cells overexpressing mCherry-cGAS and 
lamin-B1-GFP were passively pulled into micropipettes of diameter Dp ~ 2, 3, 4, 6, and 8 µm. Each 
data point represents a single aspirated cell, which is classified as cGAS-positive (“cGAS+”) if it 
exhibited nuclear entry of mCherry-cGAS during aspiration, signifying nuclear envelope rupture. 
Tension is given by applied pressure (which varied between cells) times pipette circumference (Rp 
= pipette radius).  
(B) Using the data in panel A, a critical tension Tcrit was defined for each Dp: the probability of 
nuclear envelope rupture is the same for T < Tcrit and T > Tcrit. Critical pressure and force were 
determined in the same way. Referring to the rupture probability at Tcrit as the “equi-probability,” 
we plot equi-probability as a function of curvature, critical pressure, critical tension, and critical force 
for every Dp. Equi-probability yields a better fit (higher R2) when plotted against curvature or 
against pressure than against tension.  
(C) Spider plot summarizes quantification of detached, latrunculin-treated U2OS cells that either 
exhibit nuclear envelope rupture (red) or not (blue) when passively pulled into micropipettes of 
diameter Dp = 4 µm. Each polar axis represents a different measurement. ∆L/t at t = 1 s and at ∆L 
= 10 µm are reported in Fig. 3.4E-ii; ∆L and α at t = 15 s are reported in Fig. 3.4E-i; and cGAS and 
pressure are drawn from the datasets in Fig. 3.4D and Fig. B3B, respectively. Explanations of these 
parameters can be found in the corresponding figure legends (6 cells total, 3 cells per condition; 
error bars show SEM).  
(D) Probing nuclei in living U2OS cells with high-curvature beads (diameter < 0.1 µm) reveals a 
strong correlation between applied force (or stress) and probability of nuclear envelope rupture, as 
indicated by nuclear entry of mCherry-cGAS. Importantly, because the probe is of height h ~ 4 µm 
(schematic diagram), the depth of AFM indentation is low compared to the nuclear extension ∆L 
achieved in micropipettes (7 cells total, ≥2 cells per bin; SEM).  
(E) U2OS cells overexpressing GFP-Nup153 show dilution of nuclear pore complex proteins at the 
leading tip of the nucleus when passively pulled into constricting pipettes (Dp = 2.8 µm) but not 
larger (Dp = 6.8 µm) pipettes (≥5 cells per Dp; scale bar = 5 µm).  
(F) Based on Fig. 3.4E-i. (i) The slope α/∆L was calculated for each Dp; slope increases with 
curvature. (ii) Large pipettes (6, 8 µm) dilute lamin-B1 (high α) only for extremely rapid extension 
of the nucleus. Data at ∆L/t ~0.6 µm/s are from Fig. 3.4E-i; upper points are cells fully aspirated 
within t ~3 sec and were not included in Fig. 3.4E-i. (iii) Fig. 3.4E-i is reproduced here, with the 
parameter ∆L (i.e. the extension of the nucleus into the pipette) replaced by the dimensionless 
parameter ε, which is ∆L at t ~15 sec normalized to pipette diameter Dp. The rate εʹ is defined as 
ε/t. 
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Figure B.4. Composition of micronuclei, nuclear blebs, and ruptured nuclei. 
 
(A) (i) GSH-MEE does not reduce the fraction of γH2AX-positive micronuclei that lack KU80 (n=10). 
Scale bar is 2 µm. (ii) Ruptured nuclei are deficient in nuclear pore complexes on the bleb (arrows), 
similar to lamin-B. The dilution calculation is described in Methods “Calculating lamin-B dilution” 
(>10 cells per condition, n=3 expts). Scalebar is 10µm.  
(B) In U2OS cells, RNA-Seq data reveals expression of at least two cytoplasmic factors, TREX1 
and cGAS (MB21D1), which might interact with chromatin after nuclear envelope rupture.  
(C) Endogenous cGAS binds to DNA in nuclear blebs, as seen in representative images of U2OS 
cells after 3µm pore migration. DNA damage foci do not localize to blebs, the sites of cGAS 
accumulation.  
(D) Representative images of 3µm pore-migrated U2OS cells show that nuclear blebs have 
abundant acetylated chromatin.  
(E) YAP1 mis-localizes to cytoplasm after nuclear rupture. All scale bars are 10 µm unless stated. 
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Figure B.5. Genomic variation measurements after constricted migration. 
 
(A) To characterize the uncertainty associated with reproducibility of our SNP array data, we 
performed 3 separate SNP arrays with the same sample. The variation is 40 Mb (from the 3100 Mb 
array). Additionally, two distinguishable U2OS samples—generated in our previous study (Irianto 
et al., 2017; Pfeifer et al., 2018) —were mixed and subjected to SNPa analysis. The real signal for 
genomic variation becomes linear and detectable at Chr change > 40 Mb (see method “Genome 
(SNP array) analysis” second paragraph for details).  
(B) Schematics: A549 cells were subjected to three rounds of Transwell migration through 3 or 8µm 
pores to test the hypothesis that at least some DNA damage would be survivable but mis-repaired. 
Non-migrated Ctl clones were expanded in parallel. From among these thrice-migrated or non-
migrated cells, the genomes of multiple single-cell-derived clones were quantified by SNP array 
analysis. Time span and doublings for each step are indicated.  
(C) Compared to a clone that migrated three times through 8µm pores, significant chromosome 
copy number changes (∆CN) and loss of heterozygosity (∆LOH) above the noise level (40 Mb) are 
observed in 3 out of 5 A549 clones that migrated through 3 µm pores. Clones are listed per 
hierarchical clustering of their ∆CN, and the asterisk indicates statistical significance in the overall 
distribution of gains (red) and losses (green) (*p<0.05 in Kolmogorov-Smirnov test) (see method 
“Genome (SNP array) analysis” second paragraph for details).  
(D) Schematic: A549 tdTomato cells were injected subcutaneously into the left and right flanks of 
non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice (n≥3 mice). After 4 
weeks, tumors were harvested and disaggregated, and SNP array analysis was performed on 
single-cell-derived tdTomato+ clones. Bargraph: Clones from both the left and right tumors exhibited 
significant ∆CN compared to control cells cultured on 2D plastic. This increase in genomic variation 
is similar in magnitude to that observed after constricted migration. 
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Figure C.1. Comparison between Karyotyping and SNP array 
(A) Westernblot of modified and unmodified A549 cells: As only one of the Chr-5 is modified, 
endogenous protein without RFP can also be expressed.  
(B) PCR with one primer at RFP region and the other one in the gene region shows no band on 
RFP-neg samples.  
(C) SNP array and karyotyping consistently indicate loss of one Chr-5 in RFP-neg cells.   
 
 
 
 
 
 
Figure C.2. knockdown DNA repair factors causes noise in results suggesting increased 
variation. 
Schematic illustration of experimental setups. Knockdown DNA repair factors drives increased 
deviation in SNP array reads between samples, suggesting genomic heterogeneity. 
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Figure C.3. Genotypes of all clones. 
Copy number profiles of RFP-pos and RFP-neg clones via SNP array. 
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Figure C.4. Characterizations of flow cytometry parameters. 
 
(A) Anti-human antibody is specific to human cells and can be used to distinguish mouse/human 
cell mixture.  
(B) iPS cells from teratoma has been differentiated already as high lamin-A is visualized. These 
iPS cells are proliferating robustly and their nuclei are larger than mouse cells with higher aspect 
ratio. 
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APPENDIX D  
Detailed protocols on three commonly used techniques 
in the lab 
 
This part appears in Methods, DOI: https://doi.org/10.1016/j.ymeth.2018.12.009 (2018) 
 
Dr. Sangkyun Cho and Manasvita Vashisth helped to improve the readability.  
Dr. Irena Ivanovska contributed to the collagen film characterizations. 
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D.1 Method for making polyacrylamide gels  
1.1. Glass cleaning 
Cleaning glass coverslips is the first step to ensure successful synthesis of PA gels as 
clean glass surface is crucial for gel attachment. Although PA gel on 18mm round coverslip is 
used here as an example, the gel size is indeed scalable when different size of coverslips are 
used.  
1. Prepare RCA solution (DI water, hydrogen peroxide, and ammonium hydroxide, 
2:1:1 ratio by volume, ~400 ml) in a beaker under a chemical safety hood. 
2. Place the coverslips (both 18mm & 25mm in Table S1) in the RCA solution.  
3. Heat RCA solution up to 70-80 °C for 10 minutes. During heating, place a 
thermometer in the beaker to monitor the temperature. Cover the beaker with 
aluminum foil to prevent evaporation.  
4. Transfer all coverslips to a new beaker containing ~400 ml DI water. 
5. Gently swirl the beaker containing DI water 2-3 times. 
6. Transfer the 25 mm coverslips to a desiccator. 
7. Allow these 25 mm coverslips to dry overnight. (18 mm coverslips will be used for 
glass functionalization in the next section.) 
RCA is a solution first developed to clean silicon wafers and widely used in the 
semiconductor industry since. It is preferred in this initial step to 1) oxidatively breakdown 
organic contaminants, 2) dissolve oxide layers and 3) form a dissolvable metal-ammonia 
complex to remove metal ions (Kern, 1990). After RCA cleaning, a thin layer of water will form 
on cleaned coverslips, as the whole glass surface will have become hydrophilic without 
contaminants. The formation of this thin film of water can be used as a standard to check the 
quality of RCA cleaning.  
Piranha solution (3:1 ratio of sulfuric acid to hydrogen peroxide) is another commonly used 
solution to clean coverslips (Denisin and Pruitt, 2016; Zayats et al., 2014), which can be used 
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interchangeably with RCA solution. In this case, 30 minutes incubation of coverslips in piranha 
solution is recommended (no heating is necessary). 
 
1.2. Chemical functionalization on coverslips for covalent gel binding 
Perturbations such as pipetting during experiments, shear forces in some setups, or even 
cell contractility on thin gels may create wrinkles or partial detachment of hydrogels from 
coverslips, ultimately compromising the quality of the final gel product (Buxboim et al., 2010). 
Therefore, it is recommended to covalently connect the PA gel to the coverslips to prevent such 
issues. Although direct binding of PA gel to glass coverslip is difficult, a mediator which 
covalently binds to the glass coverslip on one side and the PA gel on the other is indeed 
available. Allyltrichlorosilane (ATCS) has chloro-groups that can react and bind to glass 
covalently as well as a vinyl group which can integrate with PA gels (Fig. D1A-i).  
Thus: 
1. RCA-cleaned 18 mm coverslips (not 25 mm) are rinsed sequentially in water, ethanol, 
and chloroform (each ~400 ml) by gently swirling each beaker 2-3 times.  
2. Place the rinsed coverslips in silanization solution – chloroform with 0.1 v/v% ATCS 
and 0.1 v/v% trimethylamine (TEA) – for 1 hr for functionalization (Fig. D1A-i).  
3. Rinse the ATCS-silanized coverslips in chloroform, ethanol, and DI water (each ~400 
ml) sequentially as in step 1.  
4. Transfer the coverslips to a desiccator and dry overnight with the 25 mm coverslips to 
remove any excess water droplets. 
Upon ATCS functionalization, the surface of the coverslips becomes hydrophobic and 
water droplets on coverslips now form a large contact angle between the solid and liquid 
surface, which is the opposite of the hydrophilic properties prior to treatment. This phenomena 
can be used as a first visual check for the quality of ATCS functionalization. 
Alternatively, a combination of 0.5% v/v (3-Aminopropyl)triethoxysilane (APTES) and 0.5% 
v/v glutaraldehyde (GA) in water can also be used for glass functionalization (Denisin and Pruitt, 
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2016). APTES binds to the glass surface first and then the remaining amine group (-NH2) reacts 
with one of the aldehyde groups (-CHO) in GA. During acrylamide polymerization, the 
remaining free aldehyde group (-CHO) reacts with amine group (-NH2) on polyacrylamide so 
that the PA gel covalently attaches to the surface (Fig. D1A-ii).   
ATCS is highly reactive with air, so old bottles may have white powder-like solid near the 
cap opening. Fresh ATCS is recommended if the silanized coverslips do not appear sufficiently 
hydrophobic. Indeed, after successful silanization, dehydration of PA gels in ethanol (~minutes) 
will not detach the gels from the coverslips and such gels can be re-hydrated after being 
immersed in water (Buxboim et al., 2010).  
 
1.3. Gelation 
1. Prepare fresh precursor solution for soft and stiff gels based on the compositions listed 
in Table 1 (1 ml precursor solution per stiffness is usually sufficient for one experiment).  
2. Prepare 10 w/v % ammonium persulphate (APS) solution (i.e. dissolve 1 g APS in 10 
ml DI water).  
3. Add the catalytic initiators 0.1v/v% N,N,N’,N’-tetramethylethylenediamine (TEMED) 
and 1v/v% APS solution to each precursor solution, then vortex for 5 s to ensure 
complete mixing and to initiate the polymerization.  
4. Quickly place ~7 μl gel precursor per 1 cm2 of glass surface (add a single droplet in 
the center of the coverslip). For 18 mm ATCS-treated coverslips, the droplet should be 
20 μl. 
5. Quickly and gently cover with hydrophilic cover glass (RCA-cleaned 25 mm round 
coverslip) without applying pressure on top. This will result in a ‘sandwich’ of glass-gel 
solution-glass. 
6. Allow polymerization to occur for 30min. 
The polymerization reaction scheme is identical to homemade gels used in electrophoresis 
for the separation of proteins or nucleic acids. Bis-acrylamide is the crosslinker. By varying 
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concentrations of acrylamide and bis-acrylamide, gels with varying stiffness can be achieved. 
The suggested recipes in Table 3 can be used to synthesize gels that match the stiffness range 
of a variety of tissues. For example, normal brain has a stiffness ~ 0.3 kPa; healthy liver or lung 
has a stiffness ~ 1-3 kPa; striated muscle is usually ~10 kPa and matrix on precalcified bones 
can be as stiff as 40kPa (Swift et al., 2013).  
In step 5, the interaction between polymer and ATCS-silanized coverslips (Fig. D1A-i) 
allows no excess solution to disperse outside of the coverslip region when a hydrophilic 
coverslip is gently added on top of the droplet. Polymerization requires <30 minutes at room 
temperature. Stiffer gels polymerize faster as more reagents are present in the precursor (~5 
minutes for 40kPa and ~20 minutes for 0.3kPa). However, allowing reaction to occur for 30 
minutes as in step 6 ensures complete reaction and limits dehydration or damage to the gel. 
Any excess precursor solution remaining in the Eppendorf tubes will also polymerize, which 
can be used to check the quality or extend of polymerization (Fig.D1A-iii). In step 4, 7μl gel 
precursor per 1 cm2 of substrate surface has been determined empirically (trail and error), and 
reproducibly generates high quality PA gels.   
7. After polymerization for 30 minutes, place the gel ‘sandwich’ into DI water and place 
on a shaker for 1 hour. 
8. Gently peel off the large coverslip. The PA gel should be visible as a thin transparent 
layer on the 18 mm coverslip (for troubleshooting, see 2.6.4). 
9. Rinse gels in DI water on the shaker for 5 minutes. 
To coat PA gels with collagen-I: 
10. Add crosslinker sulfo-SANPAH (50 μg/ml in 50mM HEPES) over the whole gel surface 
and photo-activate under 365 nm UV light for 7 minutes. If PA gels (on 18 mm 
coverslips) are placed in a 12-well plate, 400-500 µl of sulfo-SANPAH per well is 
recommended.  
11. Wash away excess sulfo-SANPAH using DI water (5 minutes on shaker) after UV 
activation.  
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12. Submerge the coverslips in collagen-I solution (100 μg/ml in 50 mM HEPES) overnight 
at room temperature with gentle shaking (for troubleshooting, see section 2.5-5). 
Sulfo-SANPAH is a crosslinker that contains an amine-reactive N-hydroxysuccinimide 
(NHS) ester and a photoactivatable nitrophenyl azide. Other published protocols may add 
NHS directly into the reaction mixture during gel polymerization.  
If fibronectin is preferred, 5 μg/ml in PBS is recommended using the same protocol. The 
concentration can be varied depending on the purpose of the experiments. 
 
Table 3. Composition in soft and stiff PA hydrogels.  
 40% Acrylamidea 1.5% Bis-AAb DI water 
0.3kPa 7.5 v/v% 4.7 v/v% 87.8 v/v% 
1kPa 9.0% v/v% 5.6 v/v% 85.4 v/v% 
3kPa 11.2% v/v% 7.0 v/v% 81.8 v/v% 
10kPa 15.0 v/v% 9.3 v/v% 75.7 v/v% 
40kPa 25.0 v/v% 20.0 v/v% 55.0 v/v% 
Table 3. notes: a) The concentration of stock solution purchased from Sigma for acrylamide is 40%. 
b) The annotated solution of bis-AA need to make fresh from powder (e.g. 0.15 g Bis-AA dissolved 
in 10 ml DI water) every time before gel synthesis. This table is based on measurements in Fig. 
1B-E and confirmed in various studies (Buxboim et al., 2014; Dingal et al., 2015; Swift et al., 2013). 
 
 
1.4. Sterilization 
Multiple methods have been developed to sterilize hydrogels including heat treatment, 
gamma or UV exposure, gas plasma, ethylene oxide, and supercritical carbon dioxide 
treatment. However, the selection of the method depends on the sensitivity of the modifications 
to PA gels (Dai et al., 2016). For example, although the PA gel described here is inert and can 
be sterilized by UV, modification of PA gel with a photosensitive cross-linker would render the 
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system susceptible to UV exposure, so in such cases alternative sterilization methods would 
be preferred (Ifkovits and Burdick, 2007; Jariashvili et al., 2012; Sanford et al., 1998). For 
conventional PA gels here, we recommend 2 hr UV light exposure in the biosafety hood. 
Sufficient PBS is needed to immerse the hydrogels and prevent excessive drying during 
sterilization. If necessary, the safety hood blower should be turned off to minimize PBS 
evaporation. 
 
 
1.5. Troubleshooting 
1. The hydrophilicity/hydrophobicity of treated glass coverslips should be confirmed before 
proceeding to the next step. 
2. TEMED and APS should be mixed thoroughly with precursor to ensure homogeneous 
polymerization. 
3. After mixing TEMED and APS, the mixture should be quickly transferred on silanized 
coverslips and covered by a hydrophilic coverslip. Acrylamide polymerization occurs 
rapidly (~minutes at high concentrations). Significant delays during this step could result in 
premature polymerization of the droplet on silanized coverslips, preventing proper 
flattening of the gel surface. 
4. After gel polymerization and prior to removing the hydrophilic coverslip, a 45 min – 1 hr 
wash in DI water or PBS is highly recommended. Otherwise, the hydrophilic coverslip will 
be difficult to be peeled off without damaging the gel surface. Extra caution is 
recommended when peeling of the hydrophilic coverslip in order to prevent defects on gels 
or breaking of hydrophobic coverslips. 
5. Collagen-I solution for gel ligand coating must be prepared fresh, otherwise collagen can 
self-assemble in solution and affect coating efficiency and/or homogeneity.  
 
1.6. Characterization of PA hydrogel by AFM 
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Different methods are available for characterizing the elasticity of PA hydrogels such as 
tensile loading, rheology, and AFM (Huang et al., 2019; Ma et al., 2018). We focus on AFM 
here as it offers many useful functions in addition to mere measurements of material properties. 
For example, there is a growing appreciation that AFM can be utilized in various research 
contexts, including characterization of protein-protein interaction strength, cell adhesion forces, 
as well as sub-micrometer scale imaging (Ivanov et al., 2011). The “force mode” has been 
widely used in biophysical studies (Ikai, 2010; Pecorari et al., 2017), and here we briefly 
illustrate how this mode can be used to characterize the elasticity of PA hydrogels.  
AFM measurements should be taken under the same settings and conditions where the 
PA hydrogels would be applied. For most applications the PA gel is completely submerged in 
cell culture media on the AFM stage. Once the cantilever is lowered close to the surface of the 
gel, indentations are made at a tip velocity of 2 µm/s over a total vertical distance of 4 µm (for 
both indentation and retraction). Multiple force–indentation curves should be obtained across 
the whole surface of the gel for an average of 50–60 force curves per matrix condition. The 
contact point for each indentation curve (or force-distance curve) is the point where the AFM 
cantilever deflection can be detected. The force-indentation curve between the contact point 
and the end of the indentation is subsequently analyzed and fit to the Hertz sphere or the 
Sneddon cone model depending on the shape of AFM tips, to obtain Young’s  modulus of the 
substarte. A Poisson ratio n of 0.4–0.45 is recommended to calculate the elasticity of unknown 
matrices as this range is determined by macroscopic tension tests. Indeed, the computed 
elasticity is not dramatically affected by the Poisson ratio as variation between 0.3 and 0.5 
affects the modulus by only 10% (Engler et al., 2004; Li et al., 1993). 
Some characterization under recommended conditions has been done (Fig. D1B-E) as a 
guideline for those who intend to synthesize PA gels with desired stiffness. Thin ligand coating 
(e.g. with collagen-I) does not affect the elasticity of thick PA gels (Fig. D1B). Classic theory of 
rubber elasticity would predict that the elastic modulus of a polymer gel scales linearly with 
concentration of crosslinkers, which is overall true under log-scale for at least 3%, 5% and 10% 
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acrylamide mixture confirmed by both pyramid and spherical tips under AFM measurement 
(Fig. D1C). The plot also shows excellent agreement with published measurements made by 
others using both AFM (4%) and bulk rheology methods (Mahaffy et al., 2000). However, high 
deviations can be seen at 3% acrylamide with 0.03 w/v% cross-linkers, which indicates PA gels 
in this elasticity range should be avoided in biological research (Fig. D1C). One possibility for 
this deviation might be percolation of bonds or material heterogeneity during synthesis. 
Although the thickness of gels can vary depending on the purpose of experiments (Fig. D1D), 
thinner gels tend to be mechanically stiffer than the theoretical value shown by both AFM 
measurements (Fig. D1E) and cell responses (Buxboim et al., 2010). Therefore, gel thickness 
should as well be taken into account to ensure correct elasticity. 
 
1.7. Characterization of PA hydrogel by rheometry 
Rheological measurement using rheometers is another commonly used approach to 
characterize the mechanical properties of hydrogels, but it measures shear modulus instead of 
Young’s modulus (E) described in previous sections. Typically, samples are placed in a cup-
and-bob rheometer, where the bob can have different geometries (e.g. plate or cone-shaped). 
In the rheometer, the plate or cone is resisted by a thin piece of metal called torsion bar during 
rotation. The shear stress can be calculated based on the known response of the torsion bar 
and the degree of actual twist during sample measurement. The share rate is determined by 
the rotational speed and cone dimensions. 
When a sinusoidal oscillation is applied, the response wave of the sample can be time-
delayed with a phase shift δ. In case of purely elastic materials, δ is zero and for purely viscous 
materials, δ will be 90 degrees out of phase. This parameter gives a measure of the viscous 
versus elastic ratio of the material at a given frequency, from which the elastic and viscous 
components of the stress wave can be separated and the respective in-phase shear storage 
modulus G’ and out-of-phase loss modulus G’’ can be obtained. Rheology measurements of 
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biological soft materials is a rapidly developing field (Chen et al., 2010) and detailed protocols 
can be found here (Callies et al., 2017). 
 
D.2 Modification of PA gels for studies of nuclear responses to 
fibrotic environments  
One variable of potential relevance to health and disease is mechanical heterogeneity, 
such as that which arises in fibrotic scar tissue upon acute (e.g. myocardial infarction) or 
chronic (e.g. late stage liver cirrhosis) injury (Mann et al., 2011; Turgeman et al., 2008). Given 
that fibrosis is a major contributor to many diseases including cancer as well as normal and 
premature aging of adult tissues, a model system that can better mimic fibrotic tissues could 
help our understanding of pathological mechanisms and potentially lead to new therapeutic 
targets. To mimic the mechanically heterogeneous nature of fibrotic scar tissue as a minimal 
matrix model of scars (MMMS), co-polymerization of PA with collagen-I produced highly 
branched fiber bundles segregated heterogeneously at the subsurface of PA hydrogels (Dingal 
et al., 2015). By this method the hydrogel creates a soft and stable bulk system, whereas 
collagen-I self-assembles into stiff, randomly-distributed heterogeneous fractals similar to a 
thin section from fibrotic liver (Fig. D2A-i). Since collagen self-assembly can be viewed as a 
diffusion-limited cluster aggregation process (DLCA), the fractal sizes can be controlled 
conveniently by adjusting the concentration of collagen-I.  
Fibrosis could occur in virtually all healthy tissues whose stiffness can range from 0.3 kPa 
(brain) to 40 kPa (bone) and beyond (Cox and Erler, 2011), and MMMS can potentially be used 
to model such processes for a wide variety of cell types. The mechanics of heterogeneously 
rigid scar tissue can be recapitulated by manipulating the concentration of acrylamide and 
collagen-I during co-polymerization. For instance, by mixing 0.4 mg/ml of collagen-I into the PA 
gel precursor, collagen fiber bundle surface coverages of ~30% can be achieved, which 
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matches that of a muscular dystrophy for a mouse model as well as that of Duchenne muscular 
dystrophy skeletal muscle tissue cross-sections (~20-30%) (Dingal et al., 2015). Variations of 
such MMMS gels could thus prove useful for researchers particularly interested in studying the 
role of fibrosis in cardiovascular or musculoskeletal disease, and perhaps also for those 
studying the behavior of cancer cells in fibrotic tissues (Chin et al., 2016).  
 
2.1. Synthesis of MMMS 
The protocol for making MMMS is similar to synthesizing a conventional PA hydrogel, 
except the DI water in Table 3 is replaced by the collagen mixtures listed in Table 4. MMMS 
usually takes a longer time to polymerize than PA gels, so sufficient time is needed to complete 
the reaction. For MMMS, 60 minutes is recommended instead of 30 minutes (for 
troubleshooting, see 3.2-2). HEPES buffer is used to dissolve collagen because it is more 
compatible with collagen than PBS is (Sung et al., 2009), but requires a pH greater than 8.3 
since a basic condition is required to allow collagen to self-assemble into bundles (Li et al., 
2009). Upon co-polymerization with PA, the collagen bundles self-assemble into fractal 
structures similar to that seen in scars, but the bundles form underneath the surface. Therefore, 
ligand coating (e.g. with collagen or another ECM protein) is still needed to allow adhesion. 
The resulting MMMS gel is mechanically heterogeneous – stiff directly above the fractal 
collagen bundles, but soft elsewhere. As cells can ‘feel’ the stiffness of their substrates up to 
~5 μm deep (Buxboim et al., 2010), different responses are seen from cells on MMMS and on 
standard homogeneous gels. 
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Table 4. Composition for MMMS. All concentration has been tested and characterized to ensure 
working (Dingal et al., 2015). 
Final collagen conc.* 
(mg/ml) 
Rat Tail Collagen-I 
stock solution  
(e.g. 4mg/ml) 
Acetic acid stock 
solution (0.1M) 
Vol. of HEPES 
(50mM, pH8.3) 
in 1mL mixture 
0.4 100 µl 200 µl 700 µl 
0.1 25 µl 50 µl 925 µl 
0.025 6.3 µl 12.5 µl 981.2 µl 
*Note: We use mg/ml here instead of v/v% because the stock concentration of purchased rat tail 
collagen from Corning varies from 3.5 to 4.2 mg/ml (depending on batch).  
 
2.2. Troubleshooting 
1. The pH of HEPES buffer is crucial as low pH can hinder gel polymerization. 
2. Although 20 minutes is usually sufficient to polymerize conventional 0.3kPa PA gel, 
polymerization of MMMS takes longer due to the presence of embedded collagen 
bundles. A total of 60 minutes for MMMS polymerization is generally sufficient and is 
recommended (for all stiffness ranges). Again, any excess precursor solution can be 
used for quality control purposes.   
 
2.3. Mechanical characterization of MMMS 
Similar to elasticity measurements on conventional PA gels, AFM remains a powerful tool 
to characterize the material properties of MMMS. Due to the mechanical heterogeneity of 
MMMS, AFM scanning via ‘contact mode’ is applied to obtain elasticity topology, rather than 
probing random locations as in conventional PA gels. The spatial AFM resolution used in Fig. 
D2A-ii is 1 μm, which emulates cellular length scales in matrix sensing. A silicon nitride 
cantilever probe with a pyramidal tip and spring constant of 30–100 pN/nm is used to indent 
the gels in this case. The elasticity map is then calculated from indentation curves using the 
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Hertz model. (Dingal et al., 2015). Compared to conventional PA gels which are 
homogeneously ~0.3kPa across the entire surface, MMMS have micron-scale fractal ‘islands’ 
that are stiffer (≥1kPa). 
Just as adherent cells pull on the matrix laterally during mechanosensing, deformation 
induced by lateral pulling by a glass probe can be assessed on both conventional PA gels and 
on MMMS to qualitatively illustrate the mechanical heterogeneity of MMMS. In lateral pulling 
experiments (Fig. D2-iii), glass micropipettes are formed from glass capillaries (1-mm inner 
diameter, World Precision Instruments, Sarasota, FL) using a Flaming-Brown Micropipette 
Puller (Sutter Instrument, Novato, CA). Micropipette tips are first placed on the surface and 
then used to probe the gels embedded with microbeads (1-μm diameter FluoSpheres, 
Invitrogen) by constant displacement 20 μm parallel to the gel surface (white arrows, Fig. D2A-
iii). Nearby fluorescent bead displacements are traced simultaneously (pink & blue on images 
and plots, Fig. 2A-iii) (Dingal et al., 2015). In general, stiff gels have higher resistance to lateral 
pulling-induced deformations, resulting in smaller bead displacements. For standard 
homogeneous PA gels, similar displacement curves are obtained when pulling from different 
directions (Fig. 2A-iii plots). However, different displacement curves are observed for MMMS 
when pulling towards versus away from the collagen bundles, indicating heterogeneity in 
stiffness on such gels.    
D.3 Fibrillar and crosslinked collagen films  
Tissue stiffness correlates with increased deposition of fibrous ECM and also with 
increased covalent crosslinking (Lampi and Reinhart-King, 2018). The simplest polymer 
physics models show that gel stiffness is linearly dependent on crosslink density. 
Transcriptomic analyses for normal tissues of different stiffness reveal COL1A1 and COL1A2 
are highly correlated not only with each other as expected of a stoichiometric complex (at the 
protein level), but also highly correlated with lysyl oxidases (LOX) crosslinking enzymes 
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(Ivanovska et al., 2017). Transcriptome data for human cancers in TCGA (The Cancer Genome 
Atlas) include well-known fibrotic cancers such as hepatocellular carcinoma (HCC) and 
likewise reveal LOXL1 and LOXL2 scale with COL1A1 either strongly (exponent for LOXL1 is 
nearly 1) or weakly (exponent for LOXL1 is <1) (Fig. D3A); expression is also increased in 
tumors versus adjacent normal tissue (Goldman et al., 2018). Although many genes such as 
CD47 are stiffness-independent (Fig. D3A), some nuclear factors such as GLI2 also correlate 
strongly with COL1A1 (Fig. D3B). GLI2 is upstream in a pathway that drives cancer cell 
proliferation and that correlates with low survival (Fig. D3B,C) (Omenetti et al., 2011; Shi et al., 
2016). One can infer correlations with crosslinking, but reductionist experimental approaches 
are important. 
To study the effects of collagen crosslinking on nuclear mechanosensitivity, a simple 
method was developed to generate a thin monolayer of fibrillar collagen that is either pristine 
or enzymatically crosslinked (Fig. D4A) (Cisneros et al., 2007; Ivanovska et al., 2017). The 
collagen nanofilms are fundamentally distinct from synthetic PA gels in terms of structure and 
thickness (~nm in contrast to ~70 µm PA gels). Nonetheless, some cell and nuclear responses 
in culture are very similar between soft gels and pristine films when compared to stiff gels and 
crosslinked films. 
 
3.1. Synthesis of collagen nano-films 
1. Prepare glycine buffer with 50 mM of glycine and 200 mM of KCl. Adjust the pH to 9.2 to 
ensure correct collagen D-spacing (for troubleshooting, see section 4.2-1). 
2. Filter the buffer through a 0.2 µm filter to remove contaminants before addition of rat tail 
collagen.  
3. Place 25mm mica in 6 well plates.  
4. Add rat tail collagen-I to the filtered buffer solution, such that the final collagen 
concentration is 1 µg/ml. Once collagen is mixed, add 200 µl of this mixture to mica. Add 
the mixture drop by drop to ensure the liquid is dispersed on the entire mica surface. 
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5. Allow 30 min for collagen assembly on mica at room temperature under the biosafety hood. 
6. Gentle aspirate away the liquid. 
7. Wash with PBS (add PBS – swirl 6 well plate 2-3 times – aspirate away PBS).  
8. UV sterilization (1hr) is optional as previous filtration is usually sufficient to remove 
contaminants.  
9. If crosslinking is needed, prepare transglutaminase (TGM2) solution (30 µg/ml in 50 mM 
Tris buffer, 5 mM CaCl2, and 2 mM dithiothreitol at pH 7.4). After step 7, add 200 µl TGM2 
solution to the collagen film and agitate on a shaker for 4 hr at 37°C, followed by washing 
with PBS twice. 
 
3.2. Troubleshooting 
1. Collagen fibril self-assembly on mica is very sensitive to pH and electrolytes in the 
solution. The spacing among the collagen fibrils is pH-dependent, and clear separation 
can be achieved at pH ~9.2 as fibrils repel each other at pH’s close to and above the 
isoelectric point of collagen molecules (pH = 9.3 under these specific buffer conditions). 
The formation of characteristic D-periodic structure is shown to depend on the ion 
content as well, which was observed when varying levels of potassium ions were 
present in the solution (Jiang et al., 2004). 
2. Always prepare fresh solutions and filter the solution with a 200 microns filter to prevent 
bacterial growth. 
3. Avoid cracks on the mica surface as they can affect the orientation of the fibrils. 
4. After deposition of collagen fibrils, be sure to aspirate the liquid gently during all 
washing steps. Fibrils are not strongly attached to the surface 
5. Rinse away TGM2 thoroughly (2-3 times) before seeding cells, as some cells cannot 
tolerate high levels of TGM2. 
 
3.3. Film characterization by AFM 
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According to AFM imaging, fibrillar collagen film consists of self-assembled but highly 
aligned collagen fibers with a D-spacing of ~67 nm regardless of crosslinking, which is 
consistent with the literature (Fang and Holl, 2013). The average film height is ~2 nm, 
suggesting only one layer of collagen fibrils is formed (Fig. D4B) (Ivanovska et al., 2017). 
The mechanical properties of the film can be altered by modulating the degree of collagen 
cross-linking. Pristine fibrillar films are anisotropic, with higher tensile strength in the long axis 
making them difficult to deform in this direction (Friedrichs et al., 2007). However, there is no 
interaction between adjacent parallel fibrils and even these fibrils are only loosely attached to 
the bottom mica substrate by weak electrostatic interactions, so displacements and 
deformations occur readily when forces are applied in the lateral direction. A cell can generate 
nano-Newton forces on the substrate (Sagvolden et al., 1999) and a similar amount of force 
applied laterally by the AFM tip is sufficient to displace the fibrils. However, such displacement 
is largely resisted after crosslinking (Fig. D4B). The effective stiffness of crosslinked film is 
similar to 10kPa gel based on cell phynotypes (Fig. D4C-E) (Ivanovska et al., 2017; Xia et al., 
2018a).  
 
Notes: 
RNA-seq data for HCC from The TCGA (The Cancer Genome Atlas)  
The gene expression profile was measured experimentally using the Illumina HiSeq 2000 RNA 
Sequencing platform by the University of North Carolina TCGA genome characterization center. 
This dataset shows the gene-level transcription estimates, as in log2(x+1) transformed RSEM 
normalized count. Genes are mapped onto the human genome coordinates using UCSC Xena 
HUGO probeMap. The dataset ID is TCGA-LIHC/Xena_Matrices/TCGA-LIHC.htseq_fpkm.tsv. The 
download link for this dataset is https://gdc.xenahubs.net/download/TCGA-
LIHC/Xena_Matrices/TCGA-LIHC.htseq_fpkm.tsv.gz. (Goldman et al., 2018) 
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Table 5. Reagents, equipment and corresponding companies for making PA gels. 
 
Reagent Company Catalog# 
Glass Coverslips 18mm round Fisher 12-545-84 
Glass Coverslips 25mm round Fisher 12-546-2 
Allyltrichlorosilane  Sigma 107778-25G 
trimethylamine  Fisher O4885-1 
Hydrogen peroxide Fisher H323-500 
Ammonium hydroxide Fisher A6695-212 
N,N,N’,N’-tetramethylethylenediamine Sigma T7024-25ML 
ammonium persulphate  Sigma A7460-100G 
acrylamide Sigma A4058-100ML 
Bis-acrylamide Sigma M7279-25G 
sulfo-SANPAH  G-Bioscience BC38 
HEPES Sigma H4034-500G-PB 
mica SPI Chem 01920-MB 
Glycine Fisher G46-500 
KCl Sigma P4504-1KG 
Rat tail collagen-I Corning 354236 
transglutaminase Sigma T5398-1UN 
silicon nitride cantilever  Veeco DNP-10 
glass capillaries  World Precision Instruments TW100-3 
Flaming-Brown Micropipette Puller  Sutter Instrument Co. Model D-97 
microbeads Invitrogen F8823 
UV light source Spectroline Model XX-15A 
 
157 
 
 
 
158 
 
 
Figure D.1. Synthesis of PA gels and AFM Characterization. 
 
 (A) (i-ii) Overall reaction scheme of PA gel synthesis. (iii) Quality check  using excess precursor 
solution remaining in Eppendorf tube.  
(B) Elasticity measured by macroscopic tension test and micro-indentation with AFM are consistent. 
Surface functionalization such as collagen coating exerts no effect on apparent elasticity of thick 
gels. The inset demonstrates the linearity of elasticity which is the slope.  
(C) AFM-determined elasticity for various compositions. Open circles represent data for 5.5% and 
3% PA gels as determined by others by microrheology; the open star represents a data point from 
others for a cross-linked 4% PA gel analyzed by both AFM and rheology.  
(D, E) Soft PA gels, when cast as thin films, prove to be thickness-dependent in their apparent 
elasticity as measured by AFM indentation. 
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Figure D.2. ‘Scar-on-a-dish’ MMMS is mechanically heterogenous. 
(A) (i) Scar-like islands of collagen-I bundles are heterogeneously entrapped in the subsurface of 
a soft PA hydrogel, demonstrated by both cartoons and imaging. A fibrotic liver thin section is 
provided as comparison. (ii) AFM elasticity characterization on homogeneous 0.3kPa PA gel and 
corresponding MMMS.  (iii) Glass pulling experiment indicates MMMS is heterogeneous in 
stiffness.  
 
 
 
 
 
 
 
160 
 
 
 
Figure D.3. Collagen-1 expression correlate with mRNA of crosslinking proteins and 
proteins that drives cancer cell proliferation. 
 
 (A) RNA-seq data from TCGA shows that mRNA of crosslinking proteins LOXL1 and LOXL2 are 
highly correlated with expression of COL1A1 in hepatocellular carcinoma, whereas stiffness-
independent CD47 shows no correlation (The link for the databased is provided in the supplement.). 
(B) GLI2 which correlates with collagen-I expression regulates proteins that drives proliferation in 
HCC.  
(C) RNA-Seq analysis implies crosslinking of matrix stiffens the microenvironment, leading to 
elevated expression of proliferation-related proteins in the nucleus and drive proliferation.    
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Figure D.4. Analysis of cell morphology and protein organization in MSCs cultured on 
pristine fibrillar and cross-linked collagen-I nanofilms.  
 
(A) Effects on MSC morphology after culture on (i) fibrillar (pristine) and (iii) cross-linked collagen-
I nanofilms; (ii) nuclear height on the two types of films.  
(B) AFM amplitude-mode topographical images of molecular films of highly ordered collagen-1 
fibrils, showing D-periodic structure, self-assembled on rigid substrates in the absence (i, ii) and 
presence (iii, iv) of cross-linking. Collagen fibrils were deformed using the AFM stylus in lithography 
mode to apply a low dragging force across the film (ii, iv), thus showing the flexibility of the fibrils 
and the deconstruction of the ribbons to monomers in the absence of cross-linking (ii).  
(C) Immunofluorescence images of MSCs cultured for 24 h on (i) fibrillar and (iii) cross-linked 
collagen-I nanofilms with staining against F-actin (red) and DNA (Hoechst, blue). (ii, iv) Staining 
against collagen shows crosslinked films are not as severely deformed as the pristine ones. The 
random orientation of the dense regions of collagen protein suggests that the films are mechanically 
anisotropic, despite the topographically isotropic orientation of the fibrils evident from AFM images.  
(D) Comparison of matrix E–dependent cell morphologies of MSCs cultured on thick, isotropic 
polyacrylamide (PA) gels or thin collagen-I nanofilms. Plots of (i) cellular and (ii) nuclear spread 
area were fit to hyperbolic functions, with free parameters obtained from cells on PA gels of 
controlled stiffness (blue) and cells on thin films (red squares), with the unknown effective stiffness 
felt by the cells on thin films superimposed to obtain the effective stiffness (10 kPa for pristine and 
50 kPa for cross-linked collagen-I films).  
(E) Cellular aspect ratio (i, left axis), order parameter (i, right axis), and nuclear aspect ratio (ii) as 
functions of the gel matrix elasticity also showed consistency between morphology of pristine 
fibrillar and cross-linked films with 10- and 40-kPa PA gels, respectively. The figure is adapted from 
elsewhere (Ivanovska et al., 2017) with permission of the authors. 
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